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GAS TURBINE FACE SEAL THERMAL DEFORMATION AND COMPUTER PROGRAM
FOR CALCULATION OF AXISYMMETRIC TEMPERATURE FIELD

by Terrence E. Russell, Gordon P. Allen, Lawrence P. Ludwig,
and Robert L. Johnson

Lewis Research Center

SUMMARY

The effects of seal deformation on seal balance are pointed out. In particular, di-
vergent sealing faces are shown to be undesirable. As a first step in determining seal-
ing face deformation, a computer program is presented for calculating the temperature
field in the arbitrary body of revolution with arbitrary thermal boundary conditions. The
program, which is written in FORTRAN IV language for an IBM 7094 digital computer,
is general and can be applied to a variety of problems. Application of the program to a
specific gas turbine mainshaft seal is demonstrated in detail; both computer input and
output data are given. The program is also used to solve an example problem which has
an exact solution; thus a partial check on program accuracy is provided.

INTRODUCTION

Face seals in advanced gas turbine engines will be subjected to temperatures, pres-
sures, and sliding surface speeds higher than that of current engine practice. Increases
in temperature arise from continuing increases in flight speed and turbine inlet temper-
ature (ref. 1), increases in pressure result from use of higher pressure ratio compres-
sors, and increases in surface speeds are due in part to increases in shaft diameter
needed to carry increases in torque. As an example, proposed advanced engines have
seal sliding speeds to 500 feet per second (127 m/sec) (ref. 2) as compared to 350 feet
per second (88.9 m/sec) in engines in current use. In order to cope with these higher
temperatures, pressures, and speeds, the contacting-type face seal may be replaced
with noncontacting face seals such as the hydrostatic and hydrodynamic type (ref. 3).
However, regardless of the type of face seal used, deformation of the sealing faces, due
to thermal gradients, pressures, and centrifugal forces, will have significant effects on
seal performance (ref. 4). In particular, deformations due to thermal gradients are a



major problem area. The first step in determining thermal deformation is calculation

of temperature distribution in the seal assembly. Such calculation by computer program
is the subject of this report. The specific objectives of this study were to (1) present in
detail a computer program for calculation of temperature distribution in axisymmetric
bodies, (2) show how the computer program is applied to mainshaft seal thermal analy-
sis, and (3) demonstrate program accuracy by comparison with a thermal problem having
an exact solution,

The computer program for calculation of temperature distribution is written in
FORTRAN IV computer language for use on an IBM 7094 digital computer. The program
is quite general and can be applied to a variety of axisymmetric body problems. The cal-
culation procedure requires that these bodies be divided into an arbitrary finite number
of axisymmetric volume elements or nodes. These nodes need not be equal in cross sec-
tion. The program will take into account contact resistance at the interface between
nodes and will also account for material properties that vary from node to node. Also
provisions are made in the program to handle varying gas temperatures along the seal
boundaries and internal viscous heat generation within the fluid at the boundaries.

SYMBOLS
A area, ft2
AX cross section area, ft2
a outer radius of rotor or stator, ft
C thermal conductance, Btu/(sec)(°F)
Cf skin friction coefficient
CM torque coefficient
Cy specific heat, Btu/(lbm)(°F)
D hydraulic diameter, ft
DL characteristic length for liquid film cooling, ft
d differential
F function of
f view factor for radiation
Gr Grashof number

. 3 2
Grp,  Grashof number based on diameter, D g 0(Tb - TS)/Vf T,

Grashof number based on length, L3g0(Tb - Ts) vfz T;



gravitational acceleration, ft/ sec?

convective conductance, Btu/ (see)(°F)

heat transfer coefficient, Btu/ (ftz)(sec)(oF)
B/w

thermal conductivity, Btu/ (ft)(sec)(°F)

R OR oS om g

length of cylinder or surface, ft

Al axial length, in. or ft

N radiative conductance, Btu/(sec)(°F)
Nu Nusselt number, hD; /k
Pw wetted perimeter, ft

Pr Prandtl number

Pr, Prandtl number of boundary film, [C o p/k]
f

Q heat flux, Btu/sec

a internal heat generation, Btu/sec

qp fluid internal heat generation, Btu/sec
R thermal resistance, (sec)(°F)/Btu

Rc contact resistance, (sec)(°F)/Btu

Re Reynolds number

Re critical Reynolds number for transition

Re v Reynolds number based on total velocity, (V wzrz + Vi) / Vg
s

Re Reynolds number based on mass flow, W aD/ Mg
Re Reynolds number based on flow length, V_X/ Vg
Re Reynolds number based on rotation, wrz/ Vg

T radial coordinate, ft

Ar radial width, in. or ft

Tov average radius of element, in. or ft
r; inner radius of annulus between cylinders, ft
r, outer radius of annulus between cylinders, ft

s clearance (e.g., seal gap), ft



T temperature, OF

T qv  average (or film) temperature, OF

Tin temperature entering fluid element, OF
Tout temperature leaving fluid element, oF
T bulk fluid temperature, °F

Taf Taylor number of boundary film, wrs3/ 2 v?/ 2
A axial velocity, ft/sec

VR linear velocity of inner cylinder, ft/sec
Viot total fluid velocity, ft/sec

v, free stream velocity, ft/sec

w mass flow rate, lbm/sec

w, mass flow per square foot of cross section, W/Ax, 1bm/ (ftz)(sec)
w over-relaxation factor

X flow length, ft

Z axial coordinate, ft

a coefficient of thermal expansion

B angular velocity of fluid, rad/sec

0 partial derivative

A difference

€ emissivity for radiation

u absolute viscosity, 1lbm/(ft)(sec’

v kinematic viscosity, ft2/sec

p density, 1bm/ft>

Ty tangential shear stress at wall, lbf/in.2
w rotor angular velocity, rad/sec
Subscripts:

b at fluid bulk temperature

c convective

e environment

ei between element and environment



es from environment to element

£ at boundary film temperature

i element

j neighbor element of i

ji between neighbor and element

k environment ""area'’ affecting element i by radiation
ki between environment ''area'' k and element

// environment '"area'' affecting element i by convection

lam laminar

li between environment ''area'' I and element
r radiation

s surface

se from element to environment

tr transition

turb turbulent

DISCUSSION OF THERMAL DEFORMATION IN SEALS

Figure 1 is a schematic drawing of a gas turbine mainshaft seal for bearing sumps.
The seal restricts leakage of surrounding high temperature, high pressure gas into the

L Nosepiece

Figure 1. -~ Mainshaft seal for bearing sump in gas turbine engine.



sump. The gas leakage, through the seal into the sump, acts as a sweep gas which helps
prevent oil leakage. However, it is desirable to minimize this gas leakage, since the
hot gas degrades the lubricant and adds to the cooling requirements of the lubricant sys-
tem.

Seal leakage and wear are grossly affected by seal force balance and it has been
recognized that deformation of the sealing faces (which form the dam) can have a signifi-
cant effect on the seal force balance (ref. 5). A discussion of seal force balancing can be
found in reference 6. The manner in which the sealing face deformation affects the seal
force balance and stability of a conventional face seal is discussed in reference 7. In
general, thermal deformations cause the seal faces (dam) to form a nonparallel leakage
path, and the pressure within these sealing faces is greatly dependent on the shape (con-
vergent or divergent) of this leakage path; thus the force balance is affected by the ther-
mal deformation,

Thermal gradients usually produce sealing gaps divergent from the dam inside diam-
eter to the outside diameter. Thus, it is usually advantageous to locate the higher pres-
sure at the seal outside diameter since this will result in convergence with respect to the
leakage direction. However, many face seals are designed with the higher pressure at

Parallel faces Divergent faces Seal rub caused
by divergence
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Figure 2. - Effect of thermal deformation on air leakage of orifice
compensated hydrostatic seal. Sliding speed, 200 feet per second
(61,0 misec); pressure differential, 100 pounds per square inch
(6.89x10% NIim2). (Data from ref. 4.)



the dam inside diameter and the gas turbine face seal is an example of this construction
practice. The advantage of placing the higher pressure gas at the dam inside diameter
puts the oil mist at the outside diameter; thus centrifugal force also acts to prevent oil
leakage.

Thermal deformation also affects operation of hydrostatic seals. Figure 2, from ref-
erence 4, shows the effect of sealing face deformation on leakage through a hydrostatic
seal operating at 200 feet per second (61.0 m/sec) and 100 pounds per square inch
(6. 89><1O4 N/m2) pressure differential. With a sealed air temperature of 120° F (322 K),
the seal leakage is approximately 13 SCFM (0. 0062 standard m3/ sec) and as the air tem-

C-63982 1

0.0001 in, F
10,0003 cm )-\\

o

Figure 3 -’Overall wear pattern, surface profile traces, and photomicrographs of tungsten carbide seal seat. Sodium temperature, 1000° F (538° C);
operating time, 4 hours; sliding velocity, 79feet per second (24 m/sec); pressure, 50 pounds per square inch gage (34 N/cm? gage). Jata from ref. 6.)



perature is increased, the leakage decreases. This leakage decrease is due to increas-
ing angular deformation of the sealing gap. The result is that the seal runs with closer
clearance. Eventually as the air temperature increases still further, the deformation
causes the inside diameter of the nosepiece to rub against the seal seat and failure occurs.

Seal thermal deformation effects have also been noticed in other applications. As an
example, reference 6 reports that the main problem in sealing liquid sodium with a face
contact seal was thermal deformation of the sealing faces. Some results of this study are
repeated in figure 3 which shows the wear pattern made by a nosepiece sliding against a
seal seat. Surface profile traces have been taken at intervals around the wear track.
These profile traces show that the sealing faces were not parallel during operation, the
greatest wear occurring at the inside diameter. The slope of the wear pattern suggests a
divergence in the range of 0.006 inch per inch (0.006 m/m) of radial distance.

Regardless of the seal type (face contact, hydrostatic, or hydrodynamic), the sealing
gap is usually small (0.0001 to 0.0010 in. or 0,00025 to 0.0025 c¢m for gas film seals)
and deformations can easily be of the same magnitude, thus affecting seal performance
significantly, These sealing face deformations could arise from temperature, pressure,
or centrifugal force effects. Careful design can minimize undesirable effects due to
pressure and centrifugal force. Deformations due to temperature gradients are usually
difficult to eliminate. Even the heat generated in shearing a thin film of gas within the
interface can introduce a significant and undesirable thermal gradient in the seal rings.

The preceding evidence indicates that thermal deformation can significantly affect
seal performance. The first step in analysis of these thermal deformations is calculation
of the temperature fields in the seal assembly, and the computer program for these calcu-
lations is given in the following sections.

ANALYSIS OF TEMPERATURE FIELDS IN AXISYMMETRIC BODIES

Shaft seals are composed of basically axisymmetric bodies. Also, the circumferen-
tial temperature gradient approaches zero for most applications. Therefore, the cylin-
drical coordinate system is used as a basis for analysis. The following restrictions are
placed on the thermal analysis:

(1) A steady state must exist.

(2) An axisymmetric temperature field must exist,

Therefore, with internal heat generation, the heat conduction equation in cylindrical

1.0 (g 3T +i(k£ +q(r,z)=0 (1)
r or or 0Z oz

coordinates is (ref. 8)
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Figure 5. - Typical interior (ith) element and its four neighbor elements,

where r is the radial coordinate, k is thermal conductivity, z is the axial coordinate,
T is temperature, and q is internal heat generation.

Equation (1), which makes no restrictions of constant thermal conductivity k, can be
approximated by a finite difference numerical approach in which thermal conductivity is
held constant over small regions. In this finite difference approach, each of the axisym-
metric bodies, which comprise the seal, is subdivided into a finite number of three-
dimensional axisymmetric volume elements of rectangular cross section (see fig. 4).
These elements need not be equal in cross-sectional area. In general, there will be P
elements of which m are elements whose temperature is obtained by solving a heat bal-
ance equation and P - m are elements in which the temperature is specified. Figure 4
indicates the position of a typical inferior element (ith element). The numbers assigned
to the neighboring elements will be determined in the construction of the element pattern,
but for the purpose of developing the heat balance equation these neighboring elements are
numbered 1, 2, 3, and 4 (see fig. 5).

For the numerical solution, the application of the law of conservation of energy at
each volume element allows good generality to be maintained. Referring to figure 5, a
heat balance for steady-state conduction at element i results in the following difference
equation:



Qpj +Qp; +Qg; +Qy; +9; =0
where the jS terms are the heat fluxes from the neighboring elements or

in which the conductances Cji are computed as follows with reference to figure 5:

AZl f} N
Cli 21rR1 Arlk1 211Ri Ariki 1i
f (2b)
ARi AR2
R2i -1 s 2 + 2 — +R e
C2i erRmi Aziki 277Rm2 Az2k2 2i y

where R.i is thermal resistance. As an example, for heat conduction from neighbor

element 1 to the th element, the resistance is made up of the resistance of one~half
that of the ith element plus one-half that of neighbor element 1 plus the contact resis-

tance R, . Thus the calculated temperature is that of the element center. However,
ji
the thermal conductivity assigned to the whole element volume is the value at the temper-

ature of the element center.
Equation (2a) can be stated concisely as

4

ZCji(Tj -T,)+9;=0 (3)

=1

where i is the element under consideration, the j's are its four neighboring elements,
and 1 =i =m. At the outer surfaces of the axisymmetric bodies, which comprise the
seal, the ith element will bhave less than four solid neighbor elements but will have en-
vironmental radiation and convection effects on the external surface (or surfaces) (fig. 6).
This means that some of the j neighbors are replaced by environmental regions which
are identified as the kth area for radiation and the Zth area for convection. It should
be noted that an external surface could have both radiation and convection effects. The

kth and lth areas would, therefore, be superimposed.

10
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Figure 6. - Typical element with environment convection and/or radiation
to one surface.

An ith element could have radiation on more than one face. This radiation heat
flux is

4
Qg = E Npgi (Ty - Ty) (4)
k=1
An ith element could have more than one face with convective effects
4
Q= E Hy (T, - Ty) (5)
=1

Combining equations (3), (4), and (5) results in the difference equation for the heat bal-
ance of the ith element:

11



4 4 4

Z Cia(Ty - Ty) + Z Nigj (Tye = Ty) + Z Hyy(Ty - T+ "qy =0 )

J=1 ) &=l Ui J
N~ N~ v
Conduction Radiation Convection Internal
heat
genera-
tion

It should be noted that equation (6) establishes the convention that heat flowing from an
element has a negative value and heat flowing into an element has a positive value.

In addition to the boundary conditions of radiation and convection, two other boundary
surface conditions arepossible. The heat flux may be a specified function

(-x_.A (ﬂ)

el or /.

1
aT
=c .[ef

Qei Y el(ar> (7)
or

.= C(r, z)

where C(r,z) =0 for a perfectly insulated surface. Or the heat transfer coefficient may
be a specified value such as

hg; = f(r,z) (or H, = i(r, z)) (8)
Also the temperature of any element may be specified as
T, = i(r, z) (9)

The program has the special feature of calculating varying gas temperatures in flow
over a surface or in small passages. In addition, heat generated within a fluid, such as
that due to viscous shear in the sealing interfaces, can be accounted for. Referring to
figure 7 reveals the heat balance for the center fluid element is

WCp(Tin -T )+ hlAl(Tsl - Tin) ¥ h2A2(TSz - Tin) +qp=0 (10)

out

12
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convection heat transfer.

in which d; is the internal heat generated. Equation (10) enters into the element heat
balance (eq. (6)) only through the determination of the fluid temperature.

Returning to the element heat balance (eq. (6)) matrix notation can be used to express
this system of linear equations as follows:

4 4 4 4 4 4
- Z CjiTj + z Cji + Nki + Z HZi T, = Z NkiTk + Z HliTl - 9
¢ =1 =1 . k=1 =1/, K=1 wl;li )
[A] {T} {TL}
(11)

where [A]is the m x m conductance matrix, {T} is the m X 1 temperature vector, and
{TL } is the m x 1 thermal load vector.

In equations (6) and (11) it should be noted that, for interior elements, the Ny; and
HZ i terms vanish; also numbers are assigned to the jth elements,

The matrix [A] can be shown to be real, symmetric, and positive definite. The tem-
peratures are obtained using the successive over-relaxation technique. By introducing
the over-relaxation factor w, the successive over-relaxation algorithm is given for the
temperature at the ith element at the (K + 1)th iteration by:

13



i-1 m

2 ITFH ai’ 2 f” - z ,]T] + (TL); - ai,iTii
j=1 j=i+1
where
1=W=<2and 1 <i=m
and

4 4 4 th
C.. + Nk' . Hz . diagonal term of i
Z : \4 1 Z 1 row in matrix [A]

j=1 k=1 1=1

off-diagonal terms of

s s ==C..=a. .
1,3 Cll J1 i row in matrix [A]

4
(TL), N T, + E H,T, +q; i thermal load term

4
k=1 =1

This system of m equations is iteratively solved until a specified level of convergence

is obtained.
The boundary condition conductances Nki and Hli are calculated with the aid of the

empirical relations listed in table I and discussed later,

LIMITATIONS AND SCOPE

This program has a present capacity of 400 volume elements, 200 boundary condition
elements, 95 varying temperature boundary elements (see Computer Input in appendix A),
and 15 different materials. Several minor limitations are discussed in the section on in-
put where the parameters involved are introduced. The program is designed for an IBM
7094 digital computer and is written in FORTRAN IV language.

Provision is made for adding subroutines to calculate additional boundary condition
coefficients without interrupting the sequence of statement numbers or altering present
statements. Up to four forced convection, five free convection, and two varying tempera-

14



Heat transfer type

Forced convection

Free convection

Radiation

TABLE 1. - BOUNDARY HEAT TRANSFER COEFFICIENTS

liquid or gas

liquid or gas

liquid or gas

Flat plate,
liquid or gas

liquid or gas

or plane

gravity flow

Any surface

Geometry and fluid Regime Coefficient equation
Duct flow, liquid Laminar | h= 1.24 (k/D)(Re_PrD/X) 1/3
Turbulent | h = 0,023 (k/D)Re; prl- 4 [1 +0.3 /%)% 7]
Transition| htr = hla.m + (hturb - hlam)(Re - 2500) /4500
Sides of rotors, Laminar | h= 0,574 (kf/r)(s/r)o' 1Re‘i,‘ 5Prfl/a/(ﬁ/w)
Turbulent | h = 0, 01826 (kf/r)(s/r)o‘ 1Re(z)' 8Prf1/3/(3/w)
Radial seal gap, Laminar | h=2 (kf/ s)Prfl/ 3
Turbulent | h = 0, 0297 (kf/r)(r/s) 1/6Rei)/4Prfl/3
r 0. 46
Concentric cylinders, | Turbulent | h = RS 0.015 Reg- 8Prf1/3 (_°> + 0,092 Ta?/sPrfl/a
Ar l‘i
Laminar | h = 0,332 (lx:/X)Re)l{/zPrfl/3
Turbulent | h = 0, 0288 (k/X)Re" 5pr]/?
Horizontal cylinder, | Laminar | h = 0,53 (k,/D )(Gr.. .Pr)Y/*%
/' “o D,f" °f
Turbulent | h = 0, 13 (kf/Do)(GrD, fPrf) 1/3
Vertical cylinder Laminar | h= 0,44 (kf/x)(GrD fPrf) 1/4
’
_ 1/3
Turbulent | h = 0. 13 (kf/X)(GrD’ fPrf)
Liquid film cooling, | -------- h= 2Cp(W/L)/7rDl
' 3 .2 2 .3
________ b A _ cee(l - es)Fes(Tge + TeTs + TeTs + Ts)
T AAT 1-F  Fo(l-€e)A-¢))
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ture conditions can be added by writing appropriate subroutines and by adding the required
statements in subroutine CQN, The CQN statements required can be deduced from the
portions labeled for present coefficients. Changes and some limitations are discussed in
more detail in appendix B,

The present coefficient equations are based on properties evaluated at the boundary
film temperature (average of bulk fluid and surface temperatures). Unless the initial tem-
perature estimates (required as a starting point) are very close to the final temperatures
calculated, the input required will have to be changed and the problem rerun at least once
to obtain the best results,

CONCLUDING REMARKS

The program, which is written in FORTRAN IV language for an IBM 7094 digital com-
puter, is general and can be applied to a variety of axisymmetric problems. Various con-
vection and radiation boundary conditions which can be used are given in the mathematical
formulation. The program listing and flowcharts for steady-state thermal solution of an
axisymmetric solid in cylindrical coordinates are given. Computer program application
to a nosepiece assembly is given in detail. Additional demonstration of the program is
provided in a comparison of the program solution to the exact solution for a finite cylin-
der. This comparison shows a maximum error of 15 percent when a coarse mesh is
used. Thus a partial check on program accuracy is provided.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 10, 1969,
126-15.
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APPENDIX A

COMPUTER PROGRAM
Preparation of Input Data

The recommended first step is the preparation of the element pattern. For the seal
analyzed 'in appendix C, a layout of the seal assembly five times actual size was used.
There is no restriction on the numbering sequence except the use of consecutive numbers
(i.e., every number from 1 to P), but it is preferable to use an orderly system in order
to avoid confusion and to expedite assembling the data required for input. The drawing
also includes, for convenience, the radial dimension and mean radius of each element
row and the axial dimension of each column.

Adjacent elements should have the same common dimension. Slight variations will
not cause appreciable errors if a contact resistance is added to compensate for the in-
creased conduction path length of off-center nonmatching elements.

Also, for convenience, the boundary conditions (pressure, temperature, fluid, and
so forth, needed to determine the values of required properties) are included. The ma-
terials of the various parts are included in a table (on the drawing if room is available).

The items of data required are listed in the following section on computer input. A
compact outline of most items can be obtained from the section Program Symbols and
Definitions or from table II. The conduction element matrix (TD1) and boundary coeffi-
cient lists (TD2) include input data.

17



81

TABLE II. - SUMMARY OF TD2 LISTS FOR SUBROUTINES TO CALCULATE COEFFICIENTS

[Parameters in parentheses are calculated in subroutine. Except for TD2(20) of SN3 and VT2 and TD2(11) of FC1 and FC2, parameters after hA are
merely to make writing FORTRAN expression for h easier. ]

TD2 Subroutine
word T
or SN1 SN2 SN3 SN4 SN5 FC1 FC2 FC3 RA1 || SC1 VT1 VT2
sub- (duct flow, | (sides of | (radial seal [(concen- | (flat | (horizon-|(vertical | (liquid (radia-' |(specified| (varying tempera- (varying tempera-
script liquid) rotors) gap) tric cyl- | plate) tal cylinder | film tion) heat ture duct flow, ture radial seal gap)
inders) cylinder) | or plane) | cooling, transier liquid)
i coeffi-
i ‘ gravity ' 1
| flow) cient)
1 Tb Tb Tb Tb Tb Tb Tb Tb T e Tb or T e Tb Tb
2 kg ky k¢ k kg k k  W/L fes h kg kt
3 Co,t Cp,1 Cp,1 Cp,t Cp,1 Co,1 Cp,t % fse (hA) Cp,t Cp,1
4 Ky My My Mg K My My Dy, €g |- M by
S Wa % % % v g % ) O w %
6 D ra_v rav 1'0 X D L (hA) (h) """" D I’av
7 X 5 s r; Ve (Prf) (Pry)  ------ (hA) | ~--=---- X 8
8 —mmemm--- w w w (Rex) (GrD) (GrL) ------ 1- ee) -------- Annular neighbor w
conduction number
L a a Va (Prf) (hf) (hf) ------ 1- es) -------- Flow neighbor con- a
duction number
T, - T:
10 ------e- * - (RJev) (h) (hA) (hA)  —--eem | =—— 2] ~mmema Combining flow Combining flow
Te - Tg indicator indicator
1 e (Re,) === (Prfl/ 3) (ha)  (PrGrp) (PriGrpy) -=---- =-mcccoe ceccooo Flow initiation Flow initiation
indicator indicator
12 -----ee- (Pl‘fl / 3) —m—- (hf) ----- (AT) (AT)  =ecmemm mmmceme mmmeeeeo Ay Annular neighbor
conduction number
13 (Re,,) (hy) -——- (hA)  -e--- (T,,) (Tpy) -=m=== =====mm= —mmeeee- (Re,) Flow neighbor con-
duction number
4 (Prp (hA) (Vg)  ==em- (]/D)  (Kp/L) =mmemm  mmmmmmmn mmemmee (Pxy) w
15 (hy) (/7 ) (Re,) (V2,)  mmmmm mmmmmmen mmmmmen meeee oo el () (Re,)
0.1 1/3 1/3
16 68) (/50" @5 Wy oo e e e e (8a) (ex}/3)
7 (D/x) (K) (Re,) (8)  mmmes mmeemmee ememeess sesmee smeseees seseeeis (D/X) (Re,)
18 (kf/D) """"" (hf) ----------------------------------------------- (kf/ D) (hf)
19 ([P T -reemmaev (BA)  smmmmr mme emmme comee e e oo (o< ") (ha)
20 --ememees cemeemeeee (Heat genera- -~=---=  woee meeoeo ccmeein oeeeon e cceeen ceeeen (Heat generation
tion factor) factor)

*Rotor or stator flag (zero for rotor, nonzero for stator).




Computer Input

The data input of a problem is submitted to the computer on the cards described in
this section, Unless specifically stated, no input card may be omitted.

Item 1: Title card (72H)
word 1 columns 1 to 72 Title of problem being run

Item 2: Output control (L) card (10I6) for obtaining printouts in addition to that listed
in the section Computer Output

word 1 columns 1 to 6 A nonzero integer causes printout of the conduc-
tion matrix (TD1 table) input

word 2 columns 7 to 12 A nonzero integer causes printout of the bound-
ary conductance matrix (H(NBPT,J),J=1,9)

word 3 columns 13 to 18 A nonzero integer causes printout of the element
temperatures for the next to last iteration (un-
less execution terminated by reaching maximum
number of iterations) for comparison with tem-
peratures of last iteration

word 4 columns 19 to 24 Leave blank., This word is set within the pro-
gram to cause printout of the convergence cri-
terion (Item 5, word 4) and of the temperature
change for each element at each Nth iteration;
N is specified by word 2 of the Run data card
(Item 4),

word 5 columns 25 to 30 A nonzero integer causes printout of the bound-
ary condition input matrix (TDA and TD2 lists)

word 6 columns 31 to 36 Not used
word 7 columns 37 to 42 Not used
word 8 columns 43 to 48 A nonzero integer causes the final element tem-

peratures to be punched on cards for use as ini-
tial estimates for another run

word 9 columns 49 to 54 A nonzero integer causes thermal expansions to
be punched on cards for use in other programs
(e.g., a stress analysis)
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word 10

columns 55 to 60

A nonzero integer causes printout of element
temperatures and heat fluxes after each itera-
tion. Also thermal expansion data (o, T, a AT)
are printed. This option is meant only for de-
bugging data and should not be included for a
standard run.

Item 3: Miscellaneous options (NI) card (5I6)

Item 4: Run data (RD) card (5F6.0)

Item 5: Case data (CD) card (10F6.0)

20

word 1

columns 1 to 6

Number of cases (designs) to be analyzed. If
only one case, this word may be left blank.

No other words now used; leave blank.

word 1

word 2

word 3

columns 1 to 6

columns 7 to 12

columns 13 to 18

No other words now used.

word 1

word 2

word 3

word 4

word 5

word 6

word 7

columns 1 to 6

columns 7 to 12

columns 13 to 18

columns 19 to 24

columns 25 to 30

columns 31 to 36

columns 37 to 42

Over-relaxation factor w (1 =w < 2)

Reference temperature for thermal expansion
(a AT)

The interval N required for word 4 of the LD
card (Item 2)

Number of elements (400 maximum at present)

Number of boundary elements (200 maximum at
present)

Maximum number of iterations allowed for a run

Temperature convergence criterion. The maxi-
mum change in temperature of any element from
one iteration to the next that is considered an
acceptable error.

Not used

Starting temperature for varying temperature
flow 1 (see varying temperature under boundary
condition input (Item 10))

Starting temperature for varying temperature
flow 2



word 8 columns 43 to 48 Not used

word 9 columns 49 to 54 To avoid numerical instability due to low flow
rates in the varying temperature calculation,
the boundary elements are subdivided. The
number of subdivisions is specified between 1
and 100 in this word.

word 10 columns 55 to 60 Not used
Item 6: Thermal conductivity data cards

The thermal conductivity of each material is treated as a power series function of
temperature (k = AT? ;BT +...+NT™). Provision is made for curve fitting up to
15 materials. The coefficients required are computed by an auxiliary program (or, of
course, by hand) from available data. The degree of fit of a curve is defined as the high~
est power of temperature appearing in the function. Thus, a linear fit is degree 1; a
constant conductivity is degree 0; and so forth.

The auxiliary program is designed to produce fits of all degrees up to 11 from which
the best agreement with a set of average values of k is selected as the function to be
used. Therefore, words 4 and 5 were included to avoid exceeding the computer capacity
when the higher powers of temperature occurred. Later it was somewhat arbitrarily
decided to limit the maximum degree of {it to five in view of data scatter due to variation
between material lots. The primary reason was to increase the number of materials

possible and to save computer storage space.
Card 1 (5F10.0)

word 1 columns 1 to 10 Upper temperature limit of curve fit

word 2 columns 11 to 20 Material code number. Each material must be
assigned a number so that the correct proper-
ties will be used in the program.

word 3 columns 21 to 30 Degree of fit (0 to 5)

word 4 columns 31 to 40 Thermal conductivity scaling factor. At present,
this is 1.

word 5 columns 41 to 50 Temperature scaling factor. At present, this
is 1.

Card 2 (6E13.6) - The coefficients of the equation: A in columns 1 to 13, B in col-
umns 14 to 26, and so forth.
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Card 3 (blank card) - If less than 15 materials are used, a blank card must be inserted
following the last conductivity card in order to terminate the reading of data.

Item 7: Mean coefficient of linear thermal expansion cards

The remarks made about conductivity (see Item 6) also apply to expansion.

Card 1 (5F10.0)

word 1
word 2
word 3

word 4

word 5

columns 1 to 10
columns 11 to 20
columns 21 to 30

columns 31 to 40

columns 41 to 50

Upper temperature limit of curve fit
Material code number
Degree of fit (0 to 5)

Thermal expansion scaling factor, At present,
this is 1.

Temperature scaling factor. At present, this is 1.

Card 2 (6E13.6) - The coefficients of the equation as in Item 6.

Card 3 (blank card) - To terminate data read in for less than 15 materials (see Item 6).

Item 8: Conduction matrix data (TD1) card (F4.0,1X,F7.4,2F5. 3,1X,4F4,0,F3.0,
4F7.0) - 1 card per element; element numbers in numerical order

word 1
word 2
word 3
word 4
word 5
word 6
word 7
word 8
word 9
word 10
word 11
word 12
word 13
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columns 1 to 4
columns 6 to 12
columns 13 to 17
columns 18 to 22
columns 24 to 27
columns 28 to 31
columns 32 to 35
columns 36 to 39
columns 40 to 42
columns 43 to 49
columns 50 to 56
columns 57 to 63

columns 64 to 70

Element conduction number

Mean element radius, r v in.

a
Element radial width, Ar, in.

Element axial length, Al, in.

East neighbor conduction number, jl

North neighbor conduction number, ia

West neighbor conduction number, j3

South neighbor conduction number, j,

Material code number (see Item 6, word 2)
East contact resistance, Rcl,i’ (sec)(°F)/Btu
North contact resistance, R02 ; (sec)(°F)/Btu
West contact resistance, Rc3 ’., (sec)(°F)/Btu

1
South contact resistance, Rc ’ , (sec)(°F)/Btu
4,1



Item 9: Initial temperature cards (16F5.0) - Put 16 initial element temperatures per
card.

words 1 columns 1 to 5, Initial element temperatures (°F) are listed in
to 16 6 to 10, sequence from 1 to the total number of ele-
11 to 15, ments: elements 1 to 16 on the first card, ele-
and so forth ments 17 to 32 on the second, and so forth.

Item 10: Boundary heat transfer cards

Each boundary element requires an indicator card. Following the indicator card is a
set of one or more cards for each boundary condition associated with the element. A par~
tial outline is presented in table II. This sequence is repeated for each boundary element.

Card 1: Boundary indicator card (3I6) - 1 card per element

word 1 columns 1 to 16 Boundary number of the element. In addition to
the comduction numbers which are assigned to
the elements, each boundary element is given a
boundary number. Any convenient order of
numbering can be used. This is for convenience
in preparing data.

word 2 columns 7 to 12 Conduction number of the boundary element.
Most computation is based on the conduction
number.

word 3 columns 13 to 18 Boundary heat transfer type code number for

first basic type associated with the element.
Code numbers are as follows:

(1) Specified heat flux - the net flux for all
faces for which it is specified. If this type
is associated with a node, it must appear
first; but the other types need not appear in
any fixed order.

(2) Forced convection

(3) Free convection

(4) Radiation

(5) Specified heat transfer coefficient

(6) Specified temperature - By definition this
will be the only condition for an element;
the program considers only its effect on
adjacent elements.
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Card 2: Index card (for each condition: basic type or subtype)

This card has two forms. Form A is used for specified parameters (types 1 and 7)
which require no additional cards. Form B (TDA) is used for the remaining types which

do require additional cards.

Form A for specified heat flux (15,E13.6,16)

word 1 columns 1to 5 Conduction number of element
word 2 columns 6 to 18 Heat flux, Btu/sec
word 3 columns 19 to 24 A nonzero integer if other types or subtypes

associated with the node follow; blank (or 0) if
no types or subtypes follow.

Form A for specified temperature (I5,1X,F6.0)

word 1 columns 1to 5 Conduction number of element

word 2 columns 7 to 12 Temperature of element, Op

Form B (6F6.0,F12.0) - These (TDA) cards are the same for all types using them.

word 1 columns 1 to 6 Conduction number of element
word 2 columns 7 to 12 Heat transfer type (2 to 6)
word 3 columns 13 to 18 Heat transfer subtype code number. (For additions

or substitutions see limitations and scope.)

Subtype code numbers for type 2 (forced convec-
tion) are as follows:
(1) Duct flow, liquid - for explanation see
headings under additional cards
(2) Sides of rotors
(3) Radial seal gap
(4) Concentric cylinders
(5) Flat plate
(6) to (9) for additional subtypes

Subtype code numbers for type 3(free convection)
are as follows:
(1) Horizontal cylinder
(2) Vertical cylinder or plane
(3) Liquid film cooling, gravity flow
(4) to (8) for additional subtypes
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word 4

word 5

word 6

word 7

columns 19 to 24

columns 25 to 30

columns 31 to 36

columns 37 to 48

Subtype code numbers for type 6 (varying temper-
ature forced convection) are as follows:
(1) Duct flow, liquid
(2) Radial seal gap
(3) to (4) for additional subtypes

Types 4 and 5, at present, have no subtypes; so
word 3 =0,

Nonzero number if other types or subtypes follow

Number of items to be read from the remaining
cards for this condition

Area indicator code number specifies to which
face of the element the condition applies; these
numbers are as follows:

(1) East face

(2) North face

(3) West face

(4) South face

(5) Specified area - used for special cases such
as a small duct passing through an element
or a boundary at an appreciably nonparallel
or nonnormal angle to the axis, Since con-
ductive resistance is assumed tobe negligi-
ble compared with boundary film resistance,
the problem of location does not occur.

If a specified area (code number 5 in word 6) is
used, the value in square feet is placed here;
otherwise, this word is left blank,

For types 2 to 6, the following additional cards are needed as shown under types 4
and 5 and the subtypes of types 2, 3, and 6. Card 1 is the indicator card described pre-
viously. Card 2 is the TDA card for the type or subtype. The properties are evaluated
at the temperature indicated by the equations in table I.

Steady-state forced convection (type 2):

Subtype 1 ~ Duct
Card 3 (7F11.0)

word 1

flow, liquid

columns 1 to 11

Fluid bulk temperature, OF
25



word 2
word 3
word 4

word 5

word 6

word 7

Subtype 2 - Sides
Card 3 (7F11.0)

word 1
word 2
word 3
word 4
word 5
word 6

word 7
Card 4 (3F11.0)

word 1
word 2

word 3

columns 12 to 22
columns 23 to 33
columns 34 to 44

columns 45 to 55

columns 56 to 66

columns 67 to 77

Thermal conductivity, Btu/(ft)(sec)(°F)
Specific heat, Btu/(1bm)(°F)
Absolute viscosity, 1bm/(ft)(sec)

Mass flow per square foot of cross section,
Tom/(£t%)(sec)

Hydraulic diameter, 4Ax/Pw’ ft

Flow length (distance from start of duct to center
of element), ft

of rotors (see Use of Local Coefficients in appendix D)

columns 1 to 11

columns 12 to 22
columns 23 to 33
columns 34 to 44
columns 45 to 55
columns 56 to 66

columns 67 to 77

columns 1 to 11
columns 12 to 22

columns 23 to 33

Subtype 3 - Radial seal gap

Card 3 (7F11.0)

word 1
word 2
word 3

word 4
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columns 1 to 11
columns 12 to 22
columns 23 to 33

columns 34 to 44

Fluid bulk temperature, °F

Thermal conductivity, Btu/(ft)(sec)(°F)
Specific heat, Btu/(lbm)(°F)

Absolute viscosity, 1bm/(ft)(sec)
Kinematic viscosity, ftz/sec

Average radius of element, ft

Gap between rotor and stator, ft

Rotor angular velocity, rad/sec
Outer radius of rotor or stator, ft

Rotor or stator flag (zero for rotor, nonzero for
stator)

Fluid bulk temperature, °F

Thermal conductivity, Btu/(ft)(sec)(°F)
Specific heat, Btu/(lbm)(°F)

Absolute viscosity, 1bm/(ft)(sec)



word 5
word 6

word 7
Card 4 (2F11.0)

word 1

word 2

columns 45 to 55
columns 56 to 66

columns 67 to 77

columns 1 to 11

columns 12 to 22

Kinematic viscosity, ftz/sec
Average radius of element, ft

Gap between rotor and stator, ft

Rotor angular velocity, rad/sec

Outer radius of rotor or stator, ft

Subtype 4 - Concentric cylinders (inner cylinder rotating)

Card 3 (7F11,0)

word 1
word 2
word 3
word 4
word 5
word 6

word 7
Card 4 (2F11.0)

word 1

word 2

columns 1 to 11

columns 12 to 22
columns 23 to 33
columns 34 to 44
columns 45 to 55
columns 56 to 66

columns 67 to 77

columns 1 to 11

columns 12 to 22

Subtype 5 - Flat plate

Card 3 (7F11.0)

word 1
word 2
word 3
word 4
word 5

word 6

word 7

columns 1 to 11

columns 12 to 22
columns 23 to 33
columns 34 to 44
columns 45 to 55

columns 56 to 66

columns 67 to 77

Fluid bulk temperature, °F

Thermal conductivity, Btu/(ft)(sec)(’F)
Specific heat, Btu/(lbm)(°F)

Absolute viscosity, 1bm/(ft)(sec)

Kinematic viscosity, ftz/sec

Outer radius of annulus between cylinders, ft

Inner radius of annulus, ft

Rotational velocity of inner cylinder, rad/sec

Axial flow velocity, ft/sec

Fluid bulk temperature, OF

Thermal conductivity, Btu/(ft)(sec)(°F)
Specific heat, Btu/(lbm)(°F)

Absolute viscosity, lbm/(ft)(sec)

Kinematic viscosity, ft2/sec

Flow length (distance from start of plate to cen-

ter of element), ft

Velocity of bulk fluid, ft/sec
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Free convection (type 3):

Subtype 1 (horizontal cylinder) or 2 (vertical cylinder or plane), gas - identical except

for the characteristic length used

Card 3 (6F11.0)

word 1 columns 1 to 11

word 2 columns 12 to 22
word 3 columns 23 to 33
word 4 columns 34 to 44
word 5 columns 45 to 55
word 6 columns 56 to 66

Fluid bulk temperature, OF

Thermal conductivity, Btu/(tt)(sec)(CF)
Specific heat, Btu/(Ibm)(°F)

Absolute viscosity, 1bm/(ft)(sec)
Kinematic viscosity, ftz/sec

Subtype 1: hydraulic diameter, ft

Subtype 2: flow length (distance from start of
flow to top of surface of which element is a
part), ft

Subtype 3 - Liquid film cooling, gravity flow

Card 3 (4F11.0)

word 1 columns 1 to 11

word 2 columns 12 to 22
word 3 columns 23 to 33
word 4 columns 34 to 44

Graybody radiation (type 4):

Card 3 (4F11.0)

word 1 columns 1 to 11

word 2 columns 12 to 22
word 3 columns 23 to 33
word 4 columns 34 to 44
word 5 columns 45 to 55
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Fluid film temperature, °F

Mass flow per unit length (at a right angle to flow
direction), lbm/(ft)(sec)

Specific heat, Btu/(Ibm)(°F)

Flow length (distance from point where flow
starts to where it leaves surface (e.g., one-
half circumference of horizontal cylinder)), ft

Environmental temperature, OF
View factor, environment to surface
View factor, surface to environment
Emissivity of environment

Emissivity of surface



Specified heat transfer coefficient (type 5):
Card 3 (2F11.0)

word 1 columns 1 to 11 Fluid bulk (or environmental) temperature, 0F

word 2 columns 12 to 22 Heat transfer coefficient, Btu/ (ftz)(sec)(OF)
Varying temperature forced convection (type 6):
Subtype 1 - Varying temperature duct flow, liquid

Card 3 (7F11.0)

word 1 columns 1 to 11 Fluid bulk temperature, °F

word 2 columns 12 to 22 Thermal conductivity, Btu/(ft)(sec)(°F)

word 3 columns 23 to 33 Specific heat, Btu/(lbm)(°F)

word 4 columns 34 to 44 Absolute viscosity, 1bm/(ft)(sec)

word 5 columns 45 to 55 Mass flow per square foot of cross section,
lbm/(ftz)(sec)

word 6 columns 56 to 66 Hydraulic diameter, 4Ax/ P, ft

word 7 columns 67 to 77 Flow length (distance from start of duct to center

of element), ft
Card 4 (4F11.0)

word 1 columns 1 to 11 Conduction number of annular neighbor (element
on other boundary of flow if flow is between two
elements). If none, leave blank.

word 2 columns 12 to 22 Conduction number of flow neighbor (element up-
stream of element under consideration), If this
is the first element along the flow, leave blank.

word 3 columns 23 to 33 Combined flow indicator (see remarks at end of
this subtype)

word 4 columns 34 to 44 Flow initiation indicator (see remarks at end of
this subtype)

word 5 columns 45 to 55 Cross section of duct, 12

There is provision in the program for varying temperature flows of two starting tem-
peratures. Any number of varying temperature flows can be handled subject to the fol-
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lowing additional restrictions. The program will handle only one such boundary condition
The number of elements with varying temperature flows cannot exceed half
There can be no more than five com-

per element.
the number of boundary elements (95) at present.
bined flows (explained later).

The flow initiation indicator distinguishes the two starting temperatures. If 1 is
used, the starting temperature is word 1, Card 2 of Item 5 (Case data), K 2 is used, the
starting temperature is word 2, Card 2 of Item 5.

If two flows (limit of program) combine at a boundary element to form a new flow,

this element is a combined flow element.
tion indicator must be zero.

additional card is then required,

For a combined flow element, the flow initia-

Five such combinations are permitted by the program. An

Card 5 (2I6) - only for combined flow elements

word 1 columns 1 to 6 Conduction number of one upstream neighbor ele-
ment
word 2 columns 7 to 12 Conduction number of other upstream neighbor

element

Subtypes - Varying temperature radial seal gap

Card 1 (7F11.0)

word 1 columns 1 to 11 Fluid bulk temperature, Op

word 2 columns 12 to 22 Thermal conductivity, Btu/ (ft)(sec)(oF)
word 3 columns 23 to 33 Specific heat, Btu/(Ibm)(°F)

word 4 columns 34 to 44 Absolute viscosity, 1bm/(ft)(sec)

word 5 columns 45 to 55 Kinematic viscosity, ft2/ sec

word 6 columns 56 to 66 Average radius of element, ft v
word 7 columns 67 to 77 Gap between rotor and stator, ft

Card 2 (7F11.0)

word 1 columns 1 to 11 Rotor angular velocity, rad/sec
word 2 columns 12 to 22 Outer radius of rotor, ft

word 3 columns 23 to 33 Combined flow indicator

word 4 columns 34 to 44 Flow initiation indicator

word 5 columns 45 to 55 Annular neighbor conduction number
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word 6

word 7

columns 56 to 66 Flow neighbor conduction number

columns 67 to 77 Mass flow, lbm/sec

Card 5 (216) - only for combined flow elements

word 1

word 2

columns 1 to 6 Conduction number of one upstream neighbor
element
columns 7 to 12 Conduction number of other upstream neighbor
element
Computer Output

Standard output of results. - The standard output of the program is obtained with all

list options (Item 2 of Computer Input) set at zero with the possible exception of the
punch options (words 8 and 9). This output is as follows:

Item 1:
Item 2:
Item 3:
Item 4:
Item 5:
Item 6:
Item 7:
Item 8:
Item 9:

Item 10:
Item 11:

Item 12:

Item 13:
Item 14:

Item 15:
Item 16:
Item 17:
Item 18:
Item 19:
Item 20:

Problem title

Printout options (see input Item 2)

Miscellaneous options (see input Item 3)

Run data (see input Item 4)

Case data (see input Item 5)

Thermal conductivity curve fit coefficients for each material

Thermal expansion curve fit coefficients for each material

Element starting temperature estimates

Varying temperature boundary element dimensionless coefficient, hA/W Cp
Varying temperature boundary element fluid internal heat generation
Conduction number and preceding element conduction numbers for each
combined flow element

Conduction number, varying temperature number, and flow code for vary-
ing temperature boundary elements

Element steady-state temperatures

Boundary element forced convection, free convection, radiation, and vary-
ing temperature convection conductances

Varying temperature boundary condition fluid temperatures

Element thermal conductivities

Element heat fluxes to neighbor elements

Element conductances to neighbor elements

Element boundary conductance sums and boundary heat flux sums

Element free thermal expansion, o AT
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An illustration of the output can be found in the listing for the sample problem in
appendix C.

Program error messages. - The program includes checks of some of the input to
ensure correct relations. First, the conductivity (TD1) cards are checked for numerical
order of conduction numbers. Once this has been achieved, a check is made for neighbor
agreement. For example, if element 10 has element 11 listed as east neighbor, ele-
ment 11 must have element 10 as west neighbor, assuming this is the correct relation.
When the neighbor agreement is complete, a check is made of boundary index cards to
ensure numerical order of boundary numbers. Then a check is made to see that the con-
duction number(s) on the element boundary index card(s) agree with the conduction num-
ber on the indicator card. Also there is a check for agreement of the boundary number
corresponding to an element conduction number with the conduction number correspond-

ing to the element boundary number,

Program Symbols and Definitions

AFN(NTF) conduction number of varying temperature element annular neighbor
ALPHA(15,11) thermal expansion curve fit matrix (input Item 6)

CE(NJPTS, 4) neighbor conductance matrix

GFN(NTF) conduction number of varying temperature element flow neighbor
H(NBPTS,9) boundary conductance matrix

JBNT(JBPT) boundary number of element JBPT

JBP conduction number of boundary element (in card check)

JBPT conduction number of boundary element, NBND(NBP)
JNTFJVPT) varying temperature number of element JVPT

JPT conduction number of element

JVPT conduction number of varying temperature element, NODE(NTF)
MATL(15,11) thermal conductivity curve fit matrix (input Item 5)

NAT(NDR) conduction number of one adjacent element upstream of NDR
NBDIM maximum number of boundary elements accepted by program
NBND(NBP) conduction number of boundary element NBP

NBP boundary number of boundary element

NBPTS actual number of boundary elements
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NBR(NTR)

NBT(NDR)
NDIM

NDR

NITS
NJPTS
NM(NDR)
NODE(NTF)
NTF

NTR

NVDIM
QF(NTF)
Q(JBPT)
SUMH(NBPT)
SUMT(NBPT)
TBND(NTF)
TCF(NTF)
TDA(7)

TD1(NJPTS, 19)

TD2(20)
THEXP(JPT)
T(JPT)
TS(INC)

flow number (input Item 10, Card 4, word 3) of varying temperature
element

conduction number of other adjacent element upstream of NDR
maximum number of conduction elements accepted by program
combination number of combined flow varying temperature element
maximum number of iterations allowed for analysis

actual number of conduction elements

conduction number of combined flow element NDR

conduction number of varying temperature element NTF

varying temperature number of varying temperature boundary ele-
ment

noncombining flow number of varying temperature element
maximum number of varying temperature elements accepted

fluid shear heat generation at varying temperature element NTF
sum of boundary heat fluxes of conduction element JBPT

sum of boundary conductances of boundary element NBPT

sum of boundary heat fluxes of boundary element NBPT

fluid temperature at varying temperature boundary element
dimensionless coefficient of varying temperature element, kA/WCp
index card (input Item 10, Card 2) list

conduction data matrix

properties cards (input Item 10, Card(s) 3 and those following) list
element thermal expansion, a AT

initial temperature estimate for element JPT

fluid temperature calculation by subdivision of boundary element

Conductance matrix CE(NJPTS,4). - The symbols for conductance matrix

CE(NJPTS, 4) are as follows:

CE(JPT, 1)
CEWJPT, 2)
CE(JPT, 3)
CE(JPT,4)

conductance between conduction element JPT and east neighbor
conductance between conduction element JPT and north neighbor
conductance between conduction element JPT and west neighbor

conductance between conduction element JPT and south neighbor
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Boundary conductance matrix H(NBPTS, 9). - The symbols for boundary conduc-

tance matrix HINBPTS, 9) are as follows:

H(NBPT, 1)
H(NBPT, 2)
H(NBPT, 3)
H(NBPT, 4)
H(NBPT, 5)
H(NBPT, 6)
H(NBPT,7)
H(NBPT, 8)
H(NBPT, 9)

specified heat flux

sum of forced convection (including specific coefficient) conductances
sum of forced convection conductance X fluid temperature

sum of free convection conductances

sum of free convection conductance X fluid temperature

sum of radiation ''conductances'’

sum of radiation ""conductance'' X environmental temperature

sum of varying temperature conductances

sum of varying temperature conductance X fluid temperature

Conduction data matrix TD1(NJPTS, 19). -~ The symbols for conduction data matrix

TD1(NJPTS, 19) are as follows:

TD1(JPT, 1)
TD1(JPT, 2)
TD1(JPT, 3)
TD1(JPT, 4)
TD1(JPT, 5)
TD1(JPT, 6)
TD1(JPT,7)
TD1(JPT, 8)
TD1(JPT,9)
TD1(JPT, 10)
TD1(JPT, 11)
TD1(JPT, 12)
TD1(JPT, 13)
TD1(JPT, 14)
TD1(JPT, 15)
TD1(JPT, 16)
TD1(JPT, 17)
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element conduction number
mean element radius
element radial width, Ar
element axial length, Al
east neighbor conduction number, iy
north neighbor conduction number, j 9
west neighbor conduction number, j3
south neighbor conduction number, j 4
material code number

east contact resistance, R c

1i
north contact resistance, R c
2i

3i
south contact resistance, R c

west contact resistance, R c

1
east and west boundary areas (added during run)
north boundary area (added during run)
south boundary area (added during run)

boundary condition type code number (added during run)



TD1(JPT,18) thermal conductivity (added during run)
TD1(JPT, 19) element temperature (added during run)

TD2 list for subroutine SN1, type 2 (forced convection), subtype 1 (duct flow,
liquid). - The TD2 list is as follows:

TD2(1) fluid bulk temperature, Tb

TD2(2) boundary film thermal conductivity, k;

TD2(3) boundary film specific heat, Cp,f

TD2(4) boundary film absolute viscosity, L,

TD2(5) fluid mass flow per square foot of cross section, Wa

TD2(6) duct hydraulic diameter, D

TD2(7) length from start of flow to center of element,” X

TD2(8) not used in order to obtain compatability with VT1

TD2(9) not used in order to obtain compatability with VT1

TD2(10) not used in order to obtain compatability with VT1

TD2(11) not used in order to obtain compatability with VT1

TD2(12) not used in order to obtain compatability with VT1

TD2(13) Reynolds number (calculated in subroutine), Re,,

TD2(14) Prandtl number (calculated in subroutine), Pr;

TD2(15) heat transfer coefficient (calculated in surboutine), h,

TD2(16) conductance across boundary film (calculated in subroutine), hA
TD2(17) hydraulic diameter/flow length (calculated in subroutine), D/X
TD2(18) conductivity/hydraulic diameter (calculated in subroutine), kf/D
TD2(19) 0.7 power of TD2(16) (calculated in subroutine), (D/X)O' 7

TD2 list for subroutine SN2, type 2 (forced convection), subtype 2 (sides of rotors). -
The TD2 list is as follows:

TD2(1) fluid bulk temperature, Ty,

TD2(2) boundary film thermal conductivity, k;
TD2(3) boundary film specific heat, Cp,f
TD2(4) boundary film absolute viscosity, e
TD2(5) boundary film kinematic viscosity, v;
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TD2(6) average radius of element, r

av
TD2(7) clearance between rotor and stator, s
TD2(8) rotor angular velocity, w
TD2(9) outer radius of rotor, a
TD2(10) rotor or stator flag (zero for rotor, nonzero for stator)
TD2(11) Reynolds number (calculated in subroutine), Re
TD2(12) cube root of Prandtl number (calculated in subroutine), Prfl/ 3
TD2(13) heat transfer coefficient (calculated in subroutine), h,
TD2(14) conductance across boundary film (calculated in subroutine), hA
TD2(15) conductivity/average radius (calculated in subroutine), kf/ -
TD2(16) 0.1 power of clearance/average radius (calculated in subroutine),

(s /rav)o' 1

TD2(17) fluid angular velocity/rotor angular velocity (calculated in subroutine), K

TD2 list for subroutine SN3, type 2 (forced convection), subtype 3 (radial seal gap). -
The TD2 list is as follows:

TD2(1) fluid bulk temperature, Ty,

TD2(2) boundary film thermal conductivity, K,
TD2(3) boundary film specific heat, Cp, £

TD2(4) boundary film absolute viscosity, u,
TD2(5) boundary film kinematic viscosity, Ve
TD2(6) average radius of element, L

TD2(7) clearance between rotor and stator, s
TD2(8) rotor angular velocity, w

TD2(9) outer radius of rotor, a

TD2(10) not used to obtain compatability with VT2
TD2(11) not used to obtain compatability with VT2

TD2(12) not used to obtain compatability with VT2
TD2(13) not used to obtain compatability with VT2
TD2(14) not used to obtain compatability with VT2
TD2(15) Reynolds number (calculated in subroutine), Rew
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TD2(16)
TD2(17)
TD2(18)
TD2(19)
TD2(20)

cube root of Prandtl number (calculated in subroutine), Prfl/ 3

critical Reynolds number (calculated in subroutine), Re c
heat transfer coefficient (calculated in subroutine), hf
conductance from center of seal gap to surface (calculated in subroutine), hA

heat generation factor (calculated in subroutine)

TD2 list for subroutine SN4, type 2 (forced convection), subtype 4 (concentric cylin-
ders). - The TD2 list is as follows:

TD2(1)
TD2(2)
TD2(3)
TD2(4)
TD2(5)
TD2(6)
TD2(7)
TD2(8)
TD2(9)
TD2(10)
TD2(11)
TD2(12)
TD2(13)
TD2(14)
TD2(15)
TD2(16)
TD2(17)

fluid bulk temperature, Tb

boundary film thermal conductivity, kf
boundary film specific heat, Cp, £

boundary film absolute viscosity, Bg
boundary film kinematic viscosity, v;

outer radius of annulus between cylinders, r
inner radius of annulus between cylinders, ry
angular velocity of inner rotating cylinder, w
axial flow velocity, Va
Reynolds number (calculated in subroutine), Re

cube root of Prandtl number (calculated in subroutine), _Prt}/ 3
heat transfer coefficient (calculated in subroutine), hf
conductance across boundary film (calculated in subroutine), hA
linear velocity of inner cylinder (calculated in subroutine), Vgp
square of total fluid velocity (calculated in subroutine), V?ot
total fluid velocity (calculated in subroutine), Vtot

annular clearance (calculated in subroutine), s

TD2 list for subroutine SN5, type 2 (forced convection), subtype 5 (flat plate). ~ The
TD2 list is as follows:

TD2(1)
TD2(2)
TD2(3)
TD2(4)

fluid bulk temperature, Tb
boundary film thermal conductivity, kf
boundary film specific heat, Cp £

?

boundary film absolute viscosity, Mg
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TD2(5)
TD2(6)
TD2(7)
TD2(8)
TD2(9)
TD2(10)
TD2(11)

boundary film kinematic viscosity, Vg

length from start of flow to center of element, X
bulk fluid velocity, V

Reynolds number (calculated in subroutine), Rey
Prandtl number (calculated in subroutine), Prf

heat transfer coefficient (calculated in subroutine), h

conductance across boundary film (calculated in subroutine), hA

TD2 list for subroutine FC1, type 3 (free convection), subtype 1 (horizontal cylin-

der). - The TD2 list is as follows:

TD2(1)
TD2(2)
TD2(3)
TD2(4)
TD2(5)
TD2(6)
TD2(7)
TD2(8)
TD2(9)
TD2(10)
TD2(11)
TD2(12)
TD2(13)
TD2(14)

fluid bulk temperature, Tb

boundary film thermal conductivity, kf

boundary film specific heat, Cp,f

boundary film absolute viscosity, p £

boundary film kinematic viscosity, Vg

diameter of cylinder, D

Prandtl number (calculated in subroutine), Pr,

Grashof number (calculated in subroutine), Gry,

heat transfer coefficient (calculated in subroutine), h,

conductance across boundary film (calculated in subroutine), hA
Prandtl number X Grashof number (calculated in subroutine), Pr.Grp
fluid to surface temperature difference (calculated in subroutine), AT
average (or film) temperature (calculated in subroutine), Tov

conductivity/cylinder outside diameter (calculated in subroutine), kf/ D

TD2 list for subroutine FC2, type 3 (free convection), subtype 2 (vertical cylinder

or plane). - The TD2 list is as follows:

TD2(1)
TD2(2)
TD2(3)
TD2(4)
TD2(5)
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fluid bulk temperature, Tb

boundary film thermal conductivity, ke
boundary film specific heat, Cp,f
boundary film absolute viscosity, u;

boundary film kinematic viscosity, Vg



TD2(6) total height of surface, L

TD2(7) Prandtl number (calculated in subroutine), Pr;

TD2(8) Grashof number (calculated in subroutine), Gry,

TD2(9) heat transfer coefficient (calculated in subroutine), hf

TD2(10) conductance across boundary film (calculated in subroutine), hA
TD2(11) Prandtl number X Grashof number (calculated in subroutine), PryGrp
TD2(12) fluid to surface temperature difference (calculated in subroutine), AT
TD2(13) average temperature (calculated in subroutine), Tov

TD2(14) conductivity/surface height (calculated in subroutine), kf/ L

TD2 list for subroutine FC3, type 3 (free convection), subtype 3 (liquid film cooling,
gravity flow). - The TD2 list is as follows:

TD2(1) fluid bulk temperature, Tb

TD2(2) mass flow of liquid per unit length normal to flow, W/L

TD2(3) fluid specific heat, Cp

TD2(4) flow length (e.g., one-half circumference of horizontal cylinder), Dy,
TD2(5) heat transfer coefficient (calculated in subroutine), h

TD2(6) conductance from surface to liquid (calculated in subroutine), hA

TD2 list for subroutine RA1, type 4 (radiation). - The TD2 list is as follows:

TD2(1) environmental temperature, T

TD2(2) view factor from environment to element surface, fes

TD2(3) view factor from element surface to environment, fSe

TD2(4) emissivity of environment, €

TD2(5) emissivity of element surface, eg

TD2(6) radiation coefficient (calculated in subroutine), h

TD2(7) ""conductance'' from element surface to environment (calculated in sub-
routine), hA

TD2(8) reflectivity of environment (calculated in subroutine), 1 - € e

TD2(9) reflectivity of element surface (calculated in subroutine), 1 - € s

TD2(10) difference between fourth powers of temperatures/temperature difference

. . 4 4
(calculated in subroutine), (Te - Ts)/(Te - TS)
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TD2 list for subroutine SC1, type 5 (specified heat transfer coefficient), - The TD2
list is as follows:

TD2(1) fluid bulk (or environmental) temperature, Ty, (or T e)
TD2(2) specified heat transfer coefficient, h
TD2(3) conductance between surface and bulk fluid (calculated in main program), hA

TD2 list for subroutine VT1, type 6 (varying temperature forced convection), sub-
type 1 (duct flow, liquid). - The TD2 list is as follows:

TD2(1) fluid bulk temperature, T

TD2(2) boundary film thermal conductivity, k;

TD2(3) boundary film specific heat, C i

TD2(4) boundary film absolute viscosity, p;

TD2(5) fluid mass flow per square foot of cross section, W,

TD2(6) duct hydraulic diameter, D

TD2(7) length from start of flow to center of element, X

TD2(8) annular neighbor conduction number

TD2(9) flow neighbor conduction number

TD2(10) combining flow indicator code number

TD2(11) flow initiation indicator code number (must be zero for combined flow ele-
ment)

TD2(12) duct cross section, AX

TD2(13) Reynolds number (calculated in subroutine), Re

TD2(14) Prandtl number (calculated in subroutine), Prf

TD2(15) heat transfer coefficient (calculated in subroutine), hf

TD2(16) conductance across boundary film (calculated in subroutine), hA

TD2(17) hydraulic diameter/flow length (calculated in subroutine), D/X

TD2(18) conductivity/hydraulic diameter (calculated in subroutine), kf/D

TD2(19) 0.7 power of TD2(16) (calculated in subroutine), (D/X)O‘ 7

type 2 (radial seal gap). - The TD2 list is as follows:

TD2(1) fluid bulk temperature, Ty
TD2(2) boundary film thermal conductivity, k;
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TD2(3)
TD2(4)
TD2(5)
TD2(6)
TD2(T)
TD2(8)
TD2(9)
TD2(10)
TD2(11)

TD2(12)
TD2(13)
TD2(14)
TD2(15)
TD2(16)
TD2(17)
TD2(18)
TD2(19)
TD2(20)

boundary film specific heat, Cp’f
boundary film absolute viscosity, Kg
boundary film kinematic viscosity, Vg
average radius of element, Toy
clearance between rotor and stator, s
rotor angular velocity, w

outer radius of rotor, a

combining flow indicator code number

flow initiation indicator code number (must be zero for combined flow ele-
ment)

annular neighbor conduction number

flow neighbor conduction number

fluid mass flow rate, W

Reynolds number (calculated in subroutine), Re w

cube root of Prandil number (calculated in subroutine), Prfl/ 3
critical Reynolds number (calculated in subroutine), Re c

heat transfer coefficient (calculated in subroutine), hf

conductance from center of seal gap to surface (calculated in subroutine), hA

heat generation factor (calculated in subroutine)

Flow Charts and Program Listing

The flow charts for the main routine (SEALZ2) and subroutines CQN and QT are pre-
sented in figures 8, 9, and 10. A listing of the program is as follows:
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$IBFTC StALZ2

[aXaEaNeNel

42

STEADY STATE HEAT TRANSFER ANALYSIS OF AXISYMMETRIC SYSTEMS TO
INCLUDE VARYING FLUID TEMPERATURES ALONG BUJUNDARIES APPLIED T2
ADVANCED AIR BREATHING ENGINE SEAL DESIGN

DIAENSTON Tul(400419),7(400) ,LE(400,4) ,Q(400),THEXP(400),TD2(20)
DIMENSTUN H{200499)sSUM4(200) ,SUMT(200) 4NBND(222),TBND{(95)
OIMENSION LICLO)WNI(S) 4RO(5) ,CU(10) +TDA(T) +MATLL15,411)4NGDE(I5)
DIMENSION AL?HA(L5,11) ,JdNTF{(400)

CIMMIN/BLUK L/J3NT(400) y KAN{200) o NTF s NDRGyNTR,QF {95) 4 NQR
CIMMION/B_K2/TZF(95) 953FNT95) 9AFN(95) ¢NBRIIS) » NM(5) ¢ NAT{5) 4NBT(5)
REAL MATL

101 FORMAT(LIHL)

102 FORAMAT(F4 091X yF Te 49 2F 56331 X3%F40+F3,044F7.01)

103 FORMAT{1HO, 10X, 43HZONDUCTION (TD1) CARD ORDER ERROR, CARD NO., 13,2
2X 9 SHWRONG )

104 FORMAT (LHO. 10X, 23HANASOR ERRUR FOR ELEMENT y14,3X,6HAND/OR,14)

105 FIRMAT(1HO,45X,30-HZ0NDUCTION ELEMENT TASLE (TDL)//7(5Xs1492Xy 712X,y 1
229 iy » IPC 1Le4) /10X 602X 431 291H,41PELLL2)/7 )]

100 FIRMAT(16F5.0)

107 FORMAT{1d1l,350Xy29HELZ=MENT STARTING TEMPERATJRES//)

108 FIKMAT(10(24,13,1X,F06.1))

109 FIRMATI 25K, T4HBOUNUARY COEFFICIENT MATRIX —{(H¥A)BTU/F.SEC AND {H*A
2¢T-8) R wxl-P 3TU/SZIZ//LX,LLIHBNDRY CUND. 22Xy 1IHFIXED FLJX, 06X, LTHF
3JRCEU CONVEZTIUN,1UXy 15AFREE CONVECTION,14Xs3HRADIATION, 12X, 19HV AR
4. TEMP? JCONVECTION/LIXylIHELEMe ELEMs 96 XoldWyl1Xy3HHEA,3Xy THH*AXT -8, 3
SX g 3rHF A, 3Xy THHRA® T-3, 8Ky 344%A 3 Xy THAHFART~E 43 X y3HHTA,8X SHd *C-P//( 1
X 2{1441X)y1Xe9{1XsELZ2.5)1))

110 FORMAT(1HO939X,58HVAR . TEMP.CONVECTION DIMENSTONLESS COEFFICIENTS |
CH¥A /W C—P )/ /(641X y21% s 1y s1PELL.4)))

11D FIRMAT{LAO 45Xy 30HFLUID SHEAR HEAT GENERATION, BTJ/SEC//7(5(1X,21%,
21Hy 4 1PELL %)) )

112 FIRMAT{1i10,2Xy LOHDATA TIME =9F 7442 Xy THMINUTES)

113 FIRMATIIRL, 20X, 61ATEMPZRATURES (F} AND AEAT FLUXES (BTJ/SEC) FOR E
20CH ITerATION)

114 FORMATI(3(4X,013,1H,41PEL4.T742X,1PEL4.T7) )

115 FIRIMAT(1H1,30X,324°0NVERSENCE CRITERTIA, ITERATION=,14/7/23X, 8BHCOND.
2NJ) o 16Xy GHNEW TEMP & 210X G40LD TEMP. 49X 1IHDIFFERENCE 83Xy 9HMAX JOIFF.
3773

116 FORMATI 1409 2X s 42ACONVERGENCE CRITERION NDT MET, ITERATIONS=,16)

117 FIRMAT (1404 2Xy4342UNVZR5ZNCE CRITERION ACHEIVEDs ITERATIONS=,16)

118 FORMAT{1HL1,20X,56-4ELZMENT(AT CENTER) TEMPERATJRES {DEGREES F), ITE
2RATI3NS=, [o//)

119 FORMAT(612X, 1491, 41PEL4.T})

120 FIRMAT{IH Ly 9Xy LOZ2HELZMENT FORZED CUNVECTION, FREE CONVECT., RADIAT
210N AND VAR TEMP LUONVECT. CONDUCTANCES(H*A) BTU/HR.F//}

121 FIRMATI16X,216,4,4219.71}

122 FIRMATLLIA L945X5 38HVAR CTEMPL. CUNVECTION BOJUNDARY TEMPSLIF)//7{6(1X,21

249 LHy 9 1PELL.4)))
123 FIRMAT (I L9 42X343R0ELSmeNT THERMAL CONDUCTIVITIES BVTJU/HRL.FT F/ /)
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124 FIRMAT{3X 9 354ELEMENT ENWS CONDUCTION HEAT FLJUXES +2X913,34(2X,EL%47)
292X 6HBTU/HR )

125 FORMAT(15X,45HELEMENT ENWS CUNDUCTANCES TO NABURS(BTJ/HR.FI//{ 10X,
2l4y 4l 2X4E1l4.T7) 1))

126 FOIMATI(LHO,10X, 1D4HAELEMENT BOUNDARY NJ, CUNDJUCT ION NO, BNDRY CONDJ
2CTANCE{H®A) SUMI3TU/AR.F) AND BNuURY HEAT FLUX SUM{BTU/HR)//(3{3X,2
3149 2X4ELG a7y 2XeEL4.T)))

127 FIRMAT(1H1,40X943HELEMENT FREE THERMAL EXPANSIUN,ALPHAX(T-TO)/ /)

128 FIRMAT({6z13.6)

CALL TIME 1 (START)
REAU RUN PARAMETEKS

60 DI 1 J=1,10
Lu(y)=0

-
ol g
(SR w}
Ny
.|—-o
Vi

.

NELJ
2 ROUJ
3 3

-~
[ I S

W hWoC o

Ao e

[}
]
w
P
AN -

MATL(J,

3 ALPHALJ,
NK=0
CALL CDA(LD'\JI y KO ys:JyMATL pALPHA)
IF (NK.NZ.0) 50 TO 99

bl I
I O =~

NDIM=400
NBD IM =200
NVDIM=G5
NJPTS=CI( 1}
NBP TS=CJ(2)
NITS=CD(3)
NK=0

LERD COMMGN 5TURAGE
D3 5 JPT=1,NJPTS
T{JPT)=0.0
J{JPT1=0.0
JBNT(JPT) =0
JNTFRIJPT)Y =0
THEXP(JPT)I=V.0
DI 4 J=1,4

4 CE(JPT,J)=0.0
D3 5 J=l, 19

S TOLJPTyd 1=0.0

D3 6 NuPT=1,N3PT5S
N3NU(NGPT ) =0
SUMH(NBPT }=0.0
SUMTINBPT)I=0.0
Dl 6 J=1,9

6 HINBPT,Jd) =U.0

DO 7 K=1,NVOIM
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11
12

13
213
3132
413

14

15

16

QF(KI)=0.0
TCFRIK)=0.0
GFN{K)=0.0
AFNIK}=0.0
NBR{K)}=0
NONE(K ) =0
TEND(K)=0.0

DN 8 K=1.5
NM{K)=0
NAT{K)I=0
NBT(K)}=0

READ ELEMENT GFOMETRY DATA, CHECK CARD NRDER
NO 10 JPT=1,NJPTS
RFAD(5,102) (TNILJPT4J)eJ=1,13)

NPC=TD1(JPT. 1)

IF (UPT-NPC} 9,10,6
WRITF{6,103) 4PT

NK=1

CONTINUF

TF {NK.NF.0) GO TO 99

CHFCK FOR CONDUCTANCE NABOR ERRORS
NK=0

DO 15 JPT=1,NJPTS

ne 15 J=5.8

N=TD1lJPT,.J}

TE (M) 14,15.11

IF (JPT-N) 12,14,12
RIPT=4PT

JN=J-4

GN T {13,213,313,413),J4N
TF (RIPT-TN1IN,T7)) 14,15,14
TF (RIPT-TD1IN,B8Y) 14,15,14
TF (PIPT-TND1{N,S)) 14,15,14
IF (RIPT-TND1(N,€)) 14,15,14
WRTITE{ 6,104) JPT.N

NK=1

CONTINUF

TF (NKJNFL.O) A0 TO 99

TF (LND(1).EQ.0) GO TG 16

WRITF(6,101)
WRITE( 64105} (JPTo{J,TDL{IPT4J)sJ=1,13),JPT=1,NJPTS)

CCMPUTE ELFMENT BOUNDARY ARFAS, CONVERT TN1 DATA TO FEET
NN 17 JPT=1.NJPTS

RO=TDILUPT,2)+TDL(JIPT,3) /2.

RI=TDI(4PT,2 )-TNLLIPT,3) /2.
TLI(JPTL14)1=.04363323%TD1L(JIPT,2)%TDL(JIPT,3)
TC1(4PTL15)=.Nn4363323%TDLI{JPT,4)*R0
TC1(JPT4161=.04363323%TD1{JPT,4)*R]
TOT1(JPT,2)=TD1(J4PT,2)/12.

TC1(JPT,3)=TL1(JPT,3)/12.
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17 TRILJPT.4)=TD1{JPT,4)/12.

RFAN INITIAL TEMPERATURE GUESSES, CURVE FIT CONDUCTIVITIES
PFAN({5.106) {(T{JIPT),JPT=1,NJIPTS)
WRITE(6,107)
WRITE{6.108) {JPT,T(JPT),JPT=1NJIPTS}
N0 18 JPT=1.NJPTS
TCULIPT.19)=T{JPT)
18 CALY FITITD1.JPTLNDIM,MATL)

READ BOUNDARY CONDITION DATA AND COMPUTE CNEFFICIENTS

TF (LDIS) NEN) WRITF(6,1011}

NK=0

NTF=0

NCR=0

NTR=0

DO 19-NBPT=1,NBPTS

19 CALL CON{NRPT,NBDIM,H NBND, TBND,TD1 yTDA.TD2+NDIM,T LDy NKyNVDIM,NOD

1F «JNTF)

IF {(NK.NEL.O) GO TG 99

CCN PRINTOUT

IF (LD{2).FQ.0) G0 TO 20

WRITF{6,101)

WRITE{6,10G) (NBPT NBNDI(NBPT), (HINBPT4J}+4J=1,9) NBRPT=1,NBPTS)
20 TF (NTF.EQ.0) 6D TO 21

WRITF{6,101)}

WRITF{64110) {J,NODE(J)+TCF{J) +J=1NTF)

WRITE[6,111) (J,NODE(J)IQF(J)J=1,NTF)

P ERFORM TTERATIVE ANALYSIS
21 CALL TIMF 1 (TEX)

TCAT={TEX-START)/360C.

WRITE(6,112) TDAT

NCC=0

NPRT=RD(3)

NN 29 NIT=1,NTTS

NK=0

NCR=0

NTF=0

NCR=1

NTR=0

NCC=NCC+1

LDta)=0

DO 22 NBPT=1,NRPTS
22 KAN(NARPT)=0

BCOUNNARY CONDITION ITFRATION
NO 73 NRPT=1,NRPTS
JRPT=NBND(NAPT)
CALL QTINBPTINABNIM NDIMsUBPTsH,SUMT,SUMH, TD1 4TBND T ,CD,NVDIM, NIT,N
1NCF,UNTF)
23 0(JBPTI=SUMT{NBPT)

OVFR-RELAXATINN
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24

?5

26
27

28

29

30

31

37

33

34

35

NQR=0

nr 24 JPT=1,NIPTS

CALL TATS(TD1,JPT,NDIM,NBND,NBDIMsQ+TsHsRD,LNyCE,NK)
IF (NK.NF,0Q) 60 TO 99

IF (LD{1N).FO.0) GO TO 25

WRITFL6,113)
WRITE(6,114) (JUPT,T(IPTI,QUIPT),JPT=1,NJPTS)

CHECK FOR COANVFERGENCE, CORRECTION NF TD1 TEMPERATURES
ERP=CN(4)

TF (NIT.EQ.NITS) GO TCO 30

ITF (NCCJNEWJNPRT) GN TO 26

NCC=0

LC(4)=1

WRITE({6,115) NIT

DO 27 JPT=1,NJPTS

CML CONCHK{JPT,NDIM,TD1,ERP,LD,NK,T)

TF (NK) 28,21,28

RECAIC. K FROM NEWEST TFMP.
DN 29 JPT=1,NIPTS
TritJyerT,19)=TLJPT)
CALt FIT{TD1,JPT,NDIM,MATL)

WRITE(6,116) NIT
GC TO 33
WRITE(6,117) NIT

TEMPERATURE PRINTOUT

TF (LN(3)) 22,33,32

NITMI=NIT-1

WRITE(6,118) NITML

WRTITE(6,119) {(JPT,TD1{UPT,19),JPT=1,NJPTS)
WRITF{6,118) NIT

WRITE(6,119) (JPT,T{JPT),JPT=1,NJPTS}

IF (LD(8).NF.0) PUNCH 106, (T(JPT),JPT=1,NJIPTS)

CCNVERT FROM SEC.TO HRS.
N0 34 NBPT=1,NRPTS
SUMTINBPT )=SLMT{(NBPT)*3600.
SUMH(NBPT }=SUMHINBPT}1%3600.
DO 34 J=2,8,.2
HINBPT.J)=HINBPT,J)%*3600.

PRINT OUT BOUNDARY CONDUCTANCES{H*A)

WRITF(6,120)
WRITF(6+121) (NBPT,NBND{(NBPT), {H(NBPT,J),+J=2,8,2),NBPT=1,NBPTS)}

PRINT OQUT VAR,.TEMP.BOUNDARY TEMPS,
TF (NTF.NF,0) WRITE(6,122) {J,NODELJ),TBND(J)»J=1+NTF)

PRINT NUT FLEMENT THERMAL CONDUCTIVITIFES

no 35 JPT=1,NJPTS
TOI(PT,18)=TN1{JPT,18)%2600.

WRPITE( 6+123)




36

37

38
39

40

41
42

43

44
45

46

47
48

WRITF(6,119) {(JPT,TD1(JPT,18),JPT=1,NJIPTS)

COMPUTE AND WRITE HEAT FLUXFS
pC 36 JPT=1,NJPTS

NC 36 K=1+4
CELIPT.K)=CE(JPT,K)*3600.

WRITF({6,101)

DN 48 JPT=1,NJPTS
NE=TDL(JPT, %)

TF (NF) 38,37.38

NJE=0.0

GO TN 39
OUE=CE{JPT,, 1)1 (TINE)-T(JPT))
NN=TDI{JPT,€)

IF (NN) 41,4C.41

NJIN=0.0

GO TN 42
QIN=CE{JPT.Z W (TINN)-T{JPT))
NW=TNL(J2P T, 7)

IF (NW) 44.,42,44

QJIW=0.0

GQ TO 45
QIW=CFJIP T2 {TI(NW}-T(IPT))
NS=TNDL{JPT,8)

IF (NS) 47,4¢,47

0JS§=0.0

GO TO 48
DJUS=CE(JIPT, 4 M {TINS)I-TLIPT))
WRITE(6.124) JPT,QUELQIN,QIW,QJS

WRITE(6,101)

Iz Kl

WRITE{6+125) (JPTL{CE{JIPT,J),J=1+4)4JPT=1,NIPTS)

PRINT OUT BOUNDARY CONDUCTANCE SUMS AND HFAT FLUX SUMS
WRITF{6,101)
WRITF{ 6,126) (NBPT,NBND{NBPT), SUMH {NBPT) , SUMT{NBPT) ,NBPT=1,NBPTS)

THFRMAL FXPANSTION CALCN., AND PRINTCUT

IF (LNDU10)JNELN) WRITE(6,101)

No 49 JPT=1,NJPTS

CALL FIT2(TD1,NDIM.JPT,ALPHA,THEXP)

CALL DEFORM{JPT,NNDIM,TD1,RO,LDTHEXP}

WRITE{6,127)

WRITE(6,11G) (JPT,THEXP({JPT),JPT=1,NJPTS)

IF (LND(9).NELO) PUNCH 128, {THEXP{JPT) +JPT=1,NJPTS)

CHFCK FOR ADDTL .CASES
IF {NT(1)-1) 99,99,.50

GO TN 60
CALL EXIT
STNnP

END
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101
102
103
104
105
106
107
108
109

110
111
112
113

P

SUBRUUTINE ZDA{LISNIsRDHCD9MATL y ALPHA ¢ NK)
PROBLEM PARAMETER INPUT, COUNDUCTIVITY AND EXPANSION INPUT

DIMENSION LDU1G)yNI(S)RU(5),4,CDI{10) 4MATL{15,411}),ALPHA(15,11)
DIVMENSION FILECLL) W2OM{L12)
REAL MATL

FOXMAT(12A6)

FIIMAT(LH L, 29Xs1246//7)

FORMATL(10I6)
FIRMAT{1HO,13Xy3HLD=,10(3Xs12,1d,13})
FORMATULHO 13X s3rANI=45(3Xe12411,13))
FIRMAT(10F6.01
FIRMAT{1HUy 13Xy 3dRI=y5(3X,12,1H,1PE13.6))

FIRMAT{IHO 13X 3HID=95{3X,12,1441PEL3.6)/15Xs5(3X412,1H,1PEL3.6))
FORMAT{1H0,2X,58-INJ3.2ONDUC TION OR BOUNDARY ELEMENTS EXCEEDS A_LIJTE

20 STIRAGE)

F3<MAT(5F10.0)

FORMAT(6EL13.06)

FURMAT(LIHOy99Xy LIADATA FUR Ko/ {L17X46(2X,12+31PEL14.7) 1))
FIRMAT{IHU 59X, 15HDATA FOR ALPAAL/(LTX6(2X41241PEL14.7)))

READ({55101) WIOM
WRITE({6,102) WCOM

GENERAL JATA

READ(S5,103) {LD{J)yJ=1,10)
WRITEL0s104) (J,LD{J),»d=1,101}
REAUL39103) (NI(1),0=145)
WRITEL 0, 105) {I4N1(1)+1=145)
READ(IS5+106) (RD{L)yI=145)
WRITEL6,107) {I14RD{I)sI=1,+5)
READ({54106) {CD{J)sJ=1,10)
WRITE{6,108) (J,CD(JS)2d=1410)
IF {(400.-C0{1)) 2,1,1

IF {200.-CD(2)) 2,3,3
WRITE{6,109)

NK=1

Go Tu 11

CONDUCTIVITY DATA

D3 6 L=1,15

READ(S5,110) (FLILE(NCQ) ¢+NIU=145)
IF (FILE(L)) 44744

MN=FILE(Z2)

NPO6=FILE( 3)+0.

KEAD{S5,111) (FILE{NCJ) +NCQ=64NPO6)}
DJ 5 NCJd=1yNP6O
MATLEMNGZNCQI=FILE(NCQ)



6 WRITFI6A4112) {NCQ.FILE(NCO) ,NCO=1,NP6)

C FXPANSTON DATA

7 NDC 10 1 =1,15
REAN{S5,110) (FILE(NCQ),NCO=1,5)
TE (FILF(1)) 8,11,8

8 MN=FILF(2)
NPe=FILF( 3)+£,
PFAN{5.111) (FILE(NCQ) ,NCQ=6€,NP6)
Nt 9 NCR=1,MPA

9 ALPHA(MN.NCQ)I=FILE{NCQ)

10 WRITF(6,1172) (NCO,FILEI(NCQ),NCO=1,NP6)

11 RFTURN
FND

$IRFTC FITM
SURROUTINE FIT(TNDLsJPT,NDIM,MATL)

FIT CONDUCTIVITY (K) FROM PCLYNNMINAL CURVE

SO D

NIMENSTON TL1INDIM,19),00S(%)CALC(H) MATLI1S,11)
RFAL MATL

101 FORMAT(IHO, 2CX, 41HTEMPFRATURE EXCEFDS CURVE FIT LIMIT FNR K)

TEMP= TDI(JPT, 19)
MAN = TND1(JPT,9)
Nnn 1 NCO=1,5
1 CESINCOD)I= MATL{MANLNCQ)
TF{TFAP~-COS( 1)) 3,3,?2
? WRITFL&,101)
GC Th 9
I NQOP = (NS(2)
NOP 1=NOP+1
NC 4 NCQ=1,NCP1
LC = B5+NCN
4 CMCINCOY= MATL(MAN,LLC)
[FICOS(2)) €E45,4¢
5 Y= CALCU1)*CQS(4)
GN 1D 8
6 Y = CALCINOPT)
TFMY1 = TFMPXCOS(5S)
N0 7 NPY=1.,NCP
J2 = NOP1-NPY
7 Y= CALC(I2)+YXRTEM]
Y = Y*(COS(4)
8 TLH{JUPTL18)=Y

9 RFTHRN
FND

49
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SUBRUUTINE CJIN(NBPT NBDIMyHs4NBND»T3NDyTOLsTOATO2o NDIM,ToLDsNKoNVD
LIMyNIDESINTF )

CIMPUTE AEAT TRANSFER CUEFFICIENTS

[N eXn

DIMENSIUN HINBDIMs9) ,NoNI{NbDIM) yTIND(NVDIM} ,TDA(T7),TD2(2))
DIAENSIUN TOL(NULMe19) yTINDIM) 4LD{1LO) sNODEINVDIM) 9 INTFINDIM)
COYMIN/BLKLZJ3INT(400) y KAN(200) ¢ NTF 3 NORZNTR,QF(35), NQR
COMMIN/BLK2/TCF(35) y53FN{35) s AFN(95) yN3R{ID Iy NM{5), NAT(5),NBT(5)

101 FORMAT{3I5)

102 FOXKMAT{Li0s15Xy 6OH3UOUNDARY INDICATUR CARD ORDER ERROIR, BOJNDARY
2ELEMENT NUa=y14,4,11A4 CARD xEADS,I4)

103 FORMAT(ISy1XsF 640}

104 FOXMAT(140, 10X, 7TLHBOUNDARY INDEX (TYPE 1 OR 7) CARD ORDER ERRIR,
2CINDUCTION ELEMENT NJe=914,11H CARD READS,I%)

105 FIRMAT(IO>yEL3 0,16}

106 FORMAT{6F5.0,F12.0)

107 FIRMAT(T7F11.0)

108 FORMAT(1HO,10X, 7LH30UNUARY INDEX (TYPE 2 Tu 5) CARD ORDER ERROR,
2CINDUCTION EBELEMENT NI.=,14,114 CARD READS,I%)

109 FJHMAT(.LHU,ZX,BHELZAMEN‘—='F4.Op£ XySJ‘”-YPEZQFZ.) QZX73HSJBTYPE=1F2.O)2
Xy SHNEXT=9F 2609 2Xs L1411 TEMS REAU=4F3.,043Xy104AREA CODE=yF2.042X, 134
3SPECIAL AREA=,E12.591 X3 745d.FEET)

110 FORMAT(1HOe2Xs L 7HLUCT FlLUWy LIJUID/2X04HT—3=3F5,042X34HK-F=,Ella%,
22Xy 4HC =P =9t 11 e 492X 33AMU=9ELLe4 42X, 10HMASS FLUA=3EL144,42Xy 7THD-HYDR=
B39E1Llade2X s THL-FLUOW=9yZ L 1a%/2Xs3HRE=3EL11l..%4+92X,3HPR=,FE1l1l., 4,9('8HH C3E
4FF=30 14,7 92Xy 1 IHCBEFF*AREA=,,EL14.T7)

LLY FIIMAT(LAO,2Xs15HSIDES OF ROTURS/2X24HT=B=43F5,092X440K—F=y E11l.4,2X
Z.4HC-P=,&ll.4yZXy3dWU=,Ell.4,2X,3ﬂNU=,EliQQ,ZX,SHR—AV='Ell.4;2K,4H
3GAP Sy E1lea %y 2Xy OHOMESA =y F 6. 0/74HR~0=yELl 14,2 Xy2HFLAG=4F2.0,93X,y3dRE=,
GELLe4y2Xy 6ilPR¥%1/3=9Z1 Lo 92 Xy8dH COEFF=,E£14.7,2X,1 1HCOEFF*AREA=, El
54.7)

112 FORMAT{IHO,2Xy15HRADIAL SEAL GAP/2X34HT-8B=4F5.0+2X94HK-F=,E11l.4,2X
2¢4HC-P =y 1 1le% 92Xy 3dMU=E1144+2Xs34ANU=yELL1 492X s5HR-AV=4ELLlo4y2Xy4rd
3GAP =y E11e 492Xy GHIMEGA=4F6.0/2Xy4HR=0=9yELLl %4 415Xy 3HRE=yELlLls4y2X, 8H?
GR&EX L/ 3=9E11e492X954ARE-C=9vELLa4/2Xe84H CUEFF=,EL14.7 42X, 1 LHCUEFF*ARE
SA=,El4.7)

113 FIORMAT{LAOs2X 9 204ACONIENTRIC CYLINDERS/2X 34 HT —-B=,F5,0,2X,4HK-F=,E11
2.4, ZX, tfH:-P:'El10412K73H-‘4U:1E11-412Xy3HNJ='Ell.[P'ZX,‘l‘HR-D:, Ell.’nZ
BXg4HR = I=yELLa 492X 6HOMEGA =y FO.U/2Xy5HV-AX=3ELl 144 915Xy3HRE=yEL 44,2
4Xy BHPR¥% 1 /3=yE11.492X 9341 LOEFF=4E14.7 43Xl 1ACOEFF¥AREA=,E 14.7)

114 FIIMATU{LHOy 22X LOHFLAT PLATE/2X 4HT—8=9F5.0 192X y4HK-F=yE11e442Xy 4HC-
2P =3 El Loty 2Xy 3HMU=9E L 1le %42 Xy3HNUS yELLe% 42Xy THL—FLOA=yEL 1.4y 2Xy THV-F
B UW=9ELlLe4/2Xy3HRE=¢2 1104 92X93HPR=,ELL+499Xe3HH COEFF=,E14.792X, 11
4HCIOEFF®AREA=,E14. 7T}

c FUTURE FJRCEO CONVEL.CCE-F.FORMATS (115-8)

L19 FORMAT{LIHO.2Xy 39AHURI ZONTAL CYLINDER OR VERTICAL SURFACE/2X,4HT-B=
29F5.09 22Xy 4HA-F=3E1Llo% 92X 94HC-P=yEl1.%492Xy3HM)=4ElLl.4,2X,3HNU=,E11.

50
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34, ZX, LIHL-+L0wW OR )""YUR=’(:11.4/2x,5|1PR='Ell-4v2X, 3HGR=1E11-41 IXy 8
4HH CUEFE=3E14. 792Xy l1HIUZFF*AREA=,E14.7)

120 FIORMAT(LHO92X194LIQUID SILM COULING/2Xy4HT-b=,F5.042X4Hd/L=yE1l L.
2492Xy4AC—P=yELlLl e y2Xy TAL~FLOW=9ELll.%,10X,8A4 COEFF=,E1%4742X,11HC]
BEFF*ARCA=4EL4. T)

FUTUKE FREE TONVEC.CUEFFLFURMATS (121-5)

126 FIRMATULIHU» 2R 9y IHRADIATIUON/ZX p4HT=C=3F5.392 29 LIHFACTOR-SE=y ELl 1.4y 2X
2y LOAFACTIR-ESyE 1L e492XyB8AEML 5o —E=9ELl1le492X4834EMIS.-S=yELl.4/2X, 8HH
3 COEFF=9E 14.T92X4 1 LACOEFF*AREA=,ELG.T)

127 FURMAT(1AOQ42X s 21HHSPECIFIED COEFFICIENT/2X4HI~-8=4F5.0,42X,3HH COEFF

=y E1l4eTyo Xy LIHLOSFF®ARKEA=,EL14.7)

128 FIRMAT(14092X5204VARKJ TEMPLOULT FLONy LIQUID/2X94HT -8=4F5.0y 2Xy 4HL-
2F=1 f:l.l-‘f' 2X.4HC—P=,E1l.‘nZX,jHMU='ELl.4.2X,l)HMASS FLON=7E11-4) 2)(,
3THD=-HYUR= yELLe4 s 22Xy TAL-FLUW=3EL1 a4/ 2XyFHANNSNBR o= 9 F420 32Xy IHFLOA N
4BR=9F 440y 2Xy THFLAG-C=9F 2. 092 Xy THFLAG—I=3F2.242X364X~-SEC=,E1 1.4/ 2X,
S3HRE=)ElL o4y 2Xy 3HPK=yEL1l.496Xy8BHH COEFF=4E L4eT 42Xy LIHCUEFF ®AREA=,E
6l4.7)

129 FORMAT(LIHO9P2X24HVAR. TEMP. RAUTI AL SEAL GAP/2X y4HT-8B=,F5.042X,y4HK-F=
20 ELLle4 92X a2 -P=yE1lLle% 92X y3HMU=9ELLo42Xe3HNI=ELLl 492X 54AR~AV=yE1
3la492Xs46HGAP =91 a4 y2Xy64AUMEGA=F6.0/2XyaHR=U=yE11.442XyTHFLAG-C=y
4F‘2.01 2‘(, 7HFLAG“[=,F2.0|2X’9HANN.NHN-=0F4a0|2X19HFLU-NBR.=, F4.3,2X.
SLOHMASS FLOW=ybL L1e4/2X334ARE=9EL L4 92 Xy 8HPR¥%1/3=4E1 144, 2Xy 5SHRE=-C=y
BELLaty Xy 8HA UL F =9l L4792 XsLIHULOUFFXAREA=,EL ST/ 2Xy 14HHT GENLFAC
TT33=,E12.5)

FUTUKE VAR JTZIMPL.OUCFF.FURMATS (130-1)
132 FURMAT(LHO,2X333HCUM3INED FLUOW ELEMENT, CUNDJCTION NOe=,1%,2X,24HF
2LUW FROUM CUND.cLEMENTS ,13,44AnD 414)

FUTURE CIEFF.SU3BPKUGK.FORMATS {115-8(rURCED)»121-5(FREE)},130-1
(VAR TCcMP L)

READ IwUDICATIR CARuU, THELK OKDER
READUS5,101) wBPNBNIINS3P) ,INDS
IF (NBPT-NoP} 12,1

I aRITE( 0y 102) NBPT,NBP
NK=1

SET PARAMETERS

2 JBPT=N3NU{N3P)
JONT(JBPT)=NBPT
TUl(JBPT, 17)=IND3

SPECIFIED TEMPERATURE
IF (INOB.NE.7) GJ TO 4
READ(54,103) JBP,TILJBP)
IF (J3P.NEWJSPT) GU T0O 3
TDL{J3PT,19)=T(JBP)
Gu TO 99

3 WRITE(6+104) J4BPT,.4BP
N<=1
GO T0 69

4 GO TO (59 1979y 7975 7) 1008
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90

10

11

12

13

14

15

SPECIFIEU HCAT FLUX

READ(5,105) J3P (N3P Ty1l) o1 AVLQ
IF (J3P.cue.ddPT) GU TO 6

WRITEL £,104) JBPT,d3P

NK=1

IF (1ADDG .EQ.0) 50 T3 99

BUUNDARY ARCAS
AE=TUL(J3PT, 14}
AN=TUL{J3PT,15}
AS=TD LlyBP T, 16}

READ DATA FIR TYPES 2 TU 6
READES,106) (TDA(J),d=1,T)
NITM=TDA( 5]}

REAV(5,107) (Tu2(J)yd=lnlTM)

CHECK CONDJCTION N3LMATCH
JBP=T0a{l)

IF (J3P-JbPT) S+Iy0
ARITE(5,108) JoPT,JdbP
NK=1

IF (NK .NEWO) 6O TC 99

ITYPE=TDA(2)
GC TO (99,10,29:46448,55)1TYPE

FIKCED CONVECTIUN
ISTYPE=TIAL(3)
GO TO (1lyi3sl5417419),15TYPE

DULT FLOW, LIQUID

CALL »>NI{TOA,TL2,AE4AN,AS)

HINBP T,2) =H(NBPT,2)+¢T02{(16)
H{NBFT,3) =HINBP T, 3}+T32(16)1%T1D2 (1}
IF (Lu(5).E3.0) GJ TD 12
WRITLLE,109}) (TOa(J),d=1+7)

ARITe{6,110) (TU204)5Jd=1,7)4{TD2(K)sK=13,106]}

IF (TuA(4)) 90,99,90

SIOES IF ROTUKS

CALL SnN2(TUA,TU2,AcsAN,AS)
HINDBPT,2) =H(N3PT,2)+T32{14)

HINBP T, 3)=H(NSPT,3)+TD2{14)%Tu2(1)
IF {LD(5).Ede0) 50 TU 14
WRITC(6,109) {TOALJ)yI=1,T)
WRITE(G6,L1L) (TD2(J)sd=1s14)

IF (TDAl4)) 90,499,390

RACIAL SEAL uwAP

CALL OGN3(TOA,TD2,AcsAN,AS)

HINBP T2} =HIN3PT,2)+T12(19)

HINBP T3} =RIN3PT,31+#702(191%TD2(1)
IF (LV(5).EJ.0) 50 TJ lo

WRITE (6,109 (TDA(J)J=14T7)

WRITELO,112) (TO2(J1,3=149),{TD2(K) K=15,19)
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17

18

19

20

29

30

31

32

33

34

35

IF {(T2al4)) 90499,90

CONCENTRIC CYLINOJLRS

CALL SN4{T04,TD2,AEsAN,AS)

HINSBP T42) =d(N3PT,2)+7T02(13)

HINBP T23) =H(N3PT,3)+T32(L3)*Tu2(1)
IF (LD(5).E2.0) GO 177 18
WRITEL6,109) (TDALJ)»U=1,7)
WRITE(6,113) (T02(J)yJd=1,13})

IF (TOA{4)) 90,99, 30

FLAT PLATE

CALL OSNS{ TDA,TU2,AE yAN,AS)

H{NBP T52) =H{NBP T, 2)¢+T)2(1 1)

HINBP {9 3) =H{NSBPT,3)+T32(11)*TD2(1)
IF (Lo(5).EQ.0) 30 T3 20
WRITE{6,109) (ToAlU)d=1,T7)
WRITE(osll4) (TD2(J)sd=1,11)

IF (TDA({4)) 90,99,90

F3R FUTWRE SUBRUJTINZIS (4 MORE) (STATEM.

FREE CONVECTION
ISTYPE=TOA(3)
bd T3 (30,32,34),I5TYPr

HOR IZONTAL CYLINOEKR

CALL FCLITUA D2, AE4dANJAD, ToJBP T yNDI M)
H{NBP T »4) =HI(NBPT,4)+TU2(L0)

HONBP T951 =H(NSPT,5)+Tu2(10)*TD2(1)

IF (LD{5).Eq.0) 50 T3 31

WRITEL6y109) (TOA{J) 1 J=1,T7)
WRAITEL 6y 119) (TI21(J4)yJ=1,10)

If (TVDA(4)) 90,399,990

VERXTICAL PLANE OR CYLINUER

CALL FUL2(TUA,TUZ2,AE AN A>T J3PTynul M)
A{NBP T,4) =i{{NSPT,4)+T02(10)

HINGP T 45) =H{NBPT,5)+Tu2{(1l0)*Tu2 (1)

IF (LO(5) g0} wu T3 33

ARITEL 6, LU (TOALJIyU=LT)
wdlTe{6,119) (T22(4),Jd=1,10)

IF (TOA(4)) 309 59,90

Llaulo FILM CO0LINSy GRAVITY FlLUw
CALL FC3(TUAZTUZ24AEANAS)

H{NBP T y«4) sH{NBPT,4)+TD2(06}

HINBP T35 ) =H(NSPT,,5)+T32(6)%§D2(1)
IF (LU(5).EJ.0) SJU T) 35
WRITE(6,109) (TN JII=1,T7)
WRITElosl20) (TU2(4)yd=L1,y0)

IF (TOA(4)) 90,99, 30

FI) FUTURE SUBKOUTINZ> (5 MIRKE) (STATEM.

RADIATION

NOS 21-2523-4,25-6,27-8}

36-7938-3+44)-1+442-3444~-5)
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46

47

48

49

50

51

52
53

54

55

56

57

CALL RAL{ TDA, TU2sAEJANIAS» T2 JBPT NDIM)
HINBP Tyo) =H(NAPT,6)+T22( 7}

HINBP Ty 7) =r{N3P T, 7T)+TD2(T7)%TD2({1}

IfF {LU(5).EQ.0) 30 1O 47

WRITE(LE9109) (TDA{J),Jd=147)
WRITE(G64126) (TO2(J),J=1,T7)

IF (TDA(4)) 90,932,930

SPECIFIEYD CIOEFFIZIENT
NLex=TDA{o)

Gu Td (49,5014‘1'3]_762)'NCR
Af=AE
63 TG
AF=AN
50 T3 53

AF=A>

Gd TG »3

AF=TIAL(T)

Tuel3)=Tu212)*Ar

HINDP T4 2) =tH{ N3P T,2)+T02(3)

HINBP T3) ={NBP T,3)+T22{3)%T02(1)
IF (LO(5S).L4.0) 35U Td 54
WRITC(5,109) (TOA(J),J=1,T7)

IF {TDA(4)) 90,999,490

\n

3

VA IA3LE TEM2ERATURE FURCLEUD CONVECTIUN
NTE=NTF+1

[StYPE=TULA(3)

GJ3 TO 156,57),15FYPE

VAR ,TeMP.DUCT FLOW, LIQUID
CALL SNL(TDA,TDZ24Acy4N,AS)
HINBP T93) =TU2{16)

HINBP T ,9) =Tu2(5)%«To2(3)*TD21(12})
TBNDINTF)=TD2{1)
TCHINTF)=H{NGP T4 3) /A(NBPT,9)
AFNINTF)=TD2{( 3)
GEN(INTF)=TD2( )

NODE(NTF) =J3PT
JXPT=NIDo ANTF )

JNTFR{UXPT )=NTF

IF (LO(5).Ew.0} GO TJ oU

W ITe(6eyl0G) (T124(J)yd=147)
AR ITE(6,128) (T22{d),d=1,4106)
G3 T2 60

VAR .TEMP.RAJDIAL Stal GAP
CALL SN3{TUA,TU2,AE,AN,AS)
ToNUINTF)=T22(1)

HINBP Tyb)=To2( 19}

HINBP T59) =Tu2(141%TD2(3)
TOFINTF)=H{NSP T4} /4{ NP T,9)
AFNINTF)=TD2112)
GENINTF)}=TD2(13)

NODEINTF)Y =43P T



caoaoo

60

61

62

99

JXP T=NUDE (NTF )
NTF(JXPT ) =nTF

FLUIu SHEAR HEAT GEN:RATION

JURP=TO2{ 8} TO2(8)* T 1 (JsPT42)%TVL (JBPT,2)
IFINTF)=TO2(20) %, 000039941 6%TD2 (4) *UMRPXTDLIJBPT 41 4)/TD2(7)

IF (LO{5).EQ.0) GO TU 60
WAITELGy1LU9) (TIA{UIWJ=1,7)
WRITE(6,1249) (TD2{J),J=1,20)
GJ TJ 60

FIR FUTURE SUsROUTINES {2 MURE) (STATEMENTS 58,59)

FLJW INITIATION ELEMENT

IF (TD2(L11).5Q.0.) 50 TQ 51
NTR=NTR+1

NBRINTR)=TD2(11)

G0 TO &2

COMBINED FLJIW ELEMENT

IF (TO2(10).2Q.0.) 533 Tu 62
NUR=NOR+1

READI5,101) NAT(NDR)Y,NBTINOR)
WNRITE(byL32) JBPTHNATINUR) 4NBT (NURJ
NM{NDR )=JBPT

It (T3A(4)) 90,493,490

RETUKN
END
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SUBRCUTINE SNLI(TOA,TUZ 2AL yAN,AS)
HEAT TRANSFEX COERFIZIENTS FUR LIQUIDS IN DJCTS
DIMENSION TuZ2{20),TOA(T)

CuMPUTLE KEYNILDS ANU PRANDTL NUMBERS
TO2i13)=1D2{5)%T32(6) /Td2(4}
TuZ2lla)=MD2(3)*Ti2(4) /TD2(2)

LAMINAK JR TURSULENT CLUEFFICIENT

Tu2{il)=Tu2{e)/To2(7)

TD2(13)=TD2(2)/T02(b)

TO2019)=TO2{ 1 7)%*,7

It (TU2(13)-2500.0 14142

TO20 19)=1.24%TO02013)%(T122(13)%TD2114)*Tu2{(17))*%{1l./3.)

GJ T4 5

IF (TO2{ 1 3)-7000.) 443,5
TU2(15)=.023T22(18)x(TO2113)&*.8) % {TD2{14)%*x,4)%{1.+.3%TD2{13))
GJd T4 o

TUO2(19)=a9%({ TCUU—TI2{13)1/74500.) %L .24%{TD2(13)*¥T D21 14)*ID2(17) )%
2%{ Lo/ 3)+a0%({TO2{13)~2500e)/45004)%.023%TD2(18}%{TD2(13)%%x,8)%(TD
32014l ¥x,4 )% Le+a.3%TO2(19))

CJEFFICIENT®AREA
NLr=TDA(0)

Gl T3 (01 7,0'8,9),\JC>{
AF=AE

Gy TJd 10

AF=AN

Gu TU 10

AF=AS

Sd TJ

AF=TDA(T)
TO2(L6)=AF*Tu2{15)
RET JRN

END
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SLRROUTINE SN2{TOA,TN?,AF,AN,AS)

HFAT TRANSFFR COFFFICIENTS FOR FLUID MOVING RELATIVE T0O RADIAL

SURFACF SFPERATE BOUNDARY 1 AYERS
DIMENSTION TNZI20),TNA(T)

REYNOL NS AND PRANDTL NUMBFRS
TC2(11L)=TD2( £)%TN2(6)*TN2{6) /TD2{5)
TC2012)={TN2{3)1*TD2{4)/TD2(2)) *%(1 ./3.)

L AMTINAR NR TLRBULENT COFFFICIENT
T02(15)=TD2(2)/TD2{ %)
TR2018Y=(TD2(T7)Y/TN2(€) ) %%

IF (TN2{11)-158000.) 1,1,4

L AMINAR

TF (TN2(10).FQ.N.) GO TO 2
TE2017)=.501¢£5=-,65C8%TN2(7)/TD2(9)

GC 10 3

Tr2( 17 1= 4CE 15+ 65C8%TD2(7)/TD2(9)
TE2013)=.574%TD2(15)1%TD2(16)%{ TD2{ 11} *%.5)*%TD2(12)/TD2(17)
GC 10O 7

TURBHI FNT

TEF (TI2(10).FN.0.) GO TOr 5

TL2017)Y =, 486552~ ,35778%TN2(7)/TN2{9)

GC TN 6

TO2017)=.814424.35778%TN2(7)/TN2(9)
TR2(13)=.01326%TN201S5)*TD2(16)*(TP2(11)%*.8)*%TN2(12)/TN2(17)

COEFFICIENT®ARFA
N(R=TNA(6)

GC TN (8,6+9,1N0,11).NCR
AF=AF

G TN 12

AF=AN

GC TO 12

AF=AS

G TO 12

AF=TDA(T)
Tr2114)=AFXTLC?2{ 13)
R FTURN

FND
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SURPOUTINF SA3(TOA,TD2,AF,AN,AS)

HEAT TRAMSFFR CNEFFICIENTS FOR ROTOR AND STATOR WITH SMALL
CLFARANCE MERGFD BOUNDARY {AYERS

DIMENSTON TRZ2(20),TCALT)

R EFYNOL NS AND PRANDTIL NUMBFRS
TR2C1S)I=TN2(EVXTN2(6)1%TD2(E)/TD2(5)
TC2016)=(TR2{(31%xT0N2(4)/TD2(2))**(1./3.)

LAMINAR OR TIRABULFENT COFFFICTENT
Tr2(17)=366.24%((T02(S)/TN2{T)V)*%%(10./9.})
TE (TD2018)-Th2{17)) 1.1,2

TR2(18)=2 %TC2(2)%xTD2{(16)/7N2{7T)
Tr2(21)=1.

60 70 3

2 IP201R)1=.02ST(TN2(2)/TN216 )% ((TD2(6)/TD2(T) 1% (1,./6.))*TD2{16) *(

1TP2{15)%% .8)
TC20201=.0002286%{TD2(17)%*1.5)%{{TD2(T7)/TD2(6))V**x(5./3.})

COCEFFICIFNT®ARFA
NCR=TDA(6)

GG TN (4. 5S4 b4.647),NCR
AF=AF

G TN 8 .
AF=AN

G0 TN R

AF=AS

G T0 8§

AF=TLCA(T)
Tr2(19)=AF%Tr2(18)

R FTURN

FND



$IBFTL SNA4M

SONN

5O

4

SURRDUYTINF SN4{TDA,TDZ2AE,ANLAS)

HFAT TRANSFER COEFFICIENTS FPR FLOW BFTWFEN CONCFNTRIC CYLTNDERS
INNFR ROTATING, NO AXIAL FINW FFFECT ON BOUNDARY LAYFRS

NIMENSION TNZ(20),TNA(7)

TURBUL FNT COFFFICIENT

TE2(011¥=(TD2(3)1%TN2(4)/TN2(2})**¥(1./3.)
TC2{14)=TN2(E)* .5 (TN2(EY+TP2 (7))}

TR2(15)=TN2( 14)}*TN2(14)+TD2(Q) *TN2 (9)

Tr2(16)Y=S0RT(TN2(15}))

TN20IN)=TD21LEH)-TN217)

TR2(10)=2 XTL2(17)%TD2(16)/TDN2(5)

TC2012)=( D242V /TN201 7)) % (. N15(TN2 (10 %%.8)%TN2(1L)*{(TN2(6)/TD2
LT NN EE 4614025 (TD2( 14V {2, /3. )1 %TD2(1L7I*TN2(11)Y/TN2(5)})

CCFFFICTIFNT*ARFA
NCR=TOA(6)

GO TN (1s2+1+4344),NCR
AF=AF

GO TN 5

A F=AN

GC TN 5

AF=AS

G0N 105

AF=TNA(7)
TP2013)=AFXT02(1?)
RFETYURN

FAN
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SURRNUTINF SNS(TNA,TD2.AE+AN,AS)

.
¢ HEAT TRANSFER COEFFICIENTS FOR FLOW OVFR FLAT PLATES
T
NIMENSTAN TRZ(20), TDALT)
c
c REYNOL NS AND PRANDTL NUMBFRS
TR2(8)=TN2(7)%TN2( &) /TD2(5)
TE209)=(TDN2( 1% TN2(4) /TN2(2) ) %%(1./3.)
c
c L AMINAR NR TLRBULENT COFFFICIENT
TE(TD2(R)=8CCN00L) 1o1,7
1 TP2(10)=.2224TD2(2)%(TD2(8) %%, 5)%TD219) /TN2(6)
o T 3
2 TE2(10)=.C28E5TD2(2) & {TD2(8) %, 8)%TD2(9) /TD? (6)
C
c COFFEICIENT#ARFA

3 NCR=TDA(6)
GO TN 4y Sedehe TI4NCR
4 AF=AF
GC TN B
n AF=AN
GC TO R
£ AE=AS
60 TN A
7 AF=TCALT)
R TL2(11)1=AF&TL2(10)
RETURN
NP
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SURPOUTINF FCL{TIA,TD2AF ,ANLAS,T,JBPT,NDIM)

C
C MEAT TRANSFER COFFFICIENTS FOR HORIZLCYLINDER FRFE CONVECTION
f
NIMENSION TREAML7),TD2(20) . TINDI M)
C
TC2(12)=ARS(TY2(1)-TLUBPT))
TC2(13)=5%(TN201)+T{JIRPT)) +459. 7
TRE2014)=TN2( 2} /TH215)
C
C PRANDTL AND CRASHOF NUMBERS
TC2(T)Y=TN2(2¥6TN2(4)/TN2(7)
Tr20R)=TO2(£)xTN2(6)1XxTN2{6)%32.174%TD2(12) /7 (TN2(5) *TN2(5)*TD2113))
Tr2011)=TD2( 7)1*TD2(8)
C
C { MTNAR R TLRRULANT COFFFTICIENT
TEF (TN2(11)-.1F+10) 1,12
1 Tr2(9)1=.83%TC2{14)%TN2( L1 ) **(1le/4.)
GO TO 3R
2 7172081 =.13%TC2(14)%TD2(11)**(1./3.)
C
c CNEFFICIENT®ARFA

I NCR=TNA(S6)
GC TN (495446, T).NCR
4 AF=AF
GC TO 8
5 AF=AN
GO TN 8
6 AF=AS
GC TN 8
7 AF=TLA{T)
& TC2L1N)=AF*T2(Q}
RFTURN
FAD
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SUBROUTINF FC2(TDA,TD24AE+ANSAS, T, JBPT,NDIM)

C
C HFAT TRANSFER COFRFFICIENTS FOR VERT. SURFACE FRFE CONVECTION
C
NIMENSICN TCA(T7),TD2{20)TINDIM)
C
TC2012)=ABS{TN2(1)>T{JIBPT))
T2 13)=.5x (M2 1)1+ T{JRPT) ) +4565.7
Tr2014)=TD2{ 2)/TN2(€)
C
C PRANNTI. AND ERASHOF NUMBERS
TL2(T7)¥=TD2(2):TN2(4)/TN2{2)
TC28)=TN2(61=TN2(6)2TD2{61 %32, 174%TD2(12)/(TD2(5)%¥TN2(5)*TD2(13})
TR2(11)=TN2{7)1%T22(8)
C
r I AMINAR AR TLRBULANT COEFFICIENT
TEF (TN2(11)—-.1F+10) 1,1.2
1 TCP2{(9)=.44%TN2(14)%TN2(1 1 )% (] /4. )}
GC 10 3
2 Ir2(09)=,12*Tr2014)%TD2{11)*%{1./3.)
c
C CCFFFICIENT*APFA

3 NCR=TNA(AK)
GO TN {4e 544464 T1,NCR
4 AF=AF
6N TN 8
S AF=AN
GC TN 8
6 AF=AS
GO TN 8
7 AF=TDALT)
8 TC2(10)=AFXTF2(9)
RETURN
FNN
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SUBROUTINE FC3(TDA,TD?,AE,AN,AS)

C
C HEAT TRANSFFR CORFFICTIENTS FROM HORIZONTAL CYLINDER TO LIQUID
C FTLM (GRAVITY FLOW)
C
NIMENSION TDZ(20),TDA(T)
C

TE2(5)=TDN2(2)1%TH2(2)/71N2(4)
NCR=TDA(4)
GO TN (1424 143+4).NCR
1 AF=AF
GC TO 5
? AF=AN
GC TN 5
3 AF=AS
G0 10O 5
4 AF=TCALT)
5 TR2{€)=AF*¥TRZ(S)
RFTURN
FND

$IRFTC RALIM
SURRDITINE RALITIALTN2,AF yANJAS, T, JBPT,NDIM)

RADTATION(TFFRMAL)I-GRAY BONY

Son

NDIMFENSICON TCA(7),TD2{20), TINDIM)

TRAE=TNZ(1)
TAS=T(J48PT)
TE2(8)1=1.~-TNZ{4)
TR2(9)=1.-TN2(5)
TR2(10)=TAEXTAFXTAE+TAEX TAF*TAS+TAEXTAS®*TAS+TASETAS*TAS
TR206)=4,.83F-13*TD2{4)%TD2(Q)}*xTN2(2)*TN2{10) /(1. —-{(TN2(2}*TD2(3)%*TD
12(RI%XTD2(S)) )
NCR=TNDA(&)
GO TN (1e2s103+44)NCR
1 AF=AF
G TN S
2 Af=AN
GN TN S
2 AF=AS
~C TN S
AF=TCA(T)
Tra2(7)=AF%xTN2( €&)
RETURN
END

NS
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SULRIJUTINE JTINBPTyNSIIMyNOI MyJdBPT 4 SUMT ySUMH,TDL s TBNDy Ty CDe NVDIM
Ly NIT,NODZ ,UNTF)

CIMPUTE SOUNUARY HEAT FLUXES

DIMENSION H{NBI1A4:9) s SUMTINBDIM) SUMH{NBOIM) ,TDLINDIM,19)
DIMENSION ToNO{NVOIM) , T(NOIM) ,CDU10) ,TS(130) INTFINDIN)
CIAMIN/BLKL/ZJ3NT(400) yKAN{(200) 4JNTF ¢ NDRyNTRyQF {35}y NQR
COMMIN/BLKZ2/TCF1935) y0FN{95) yAFN(95) 4NBR{I5 1y NM(5), NAT{5),NBT(5)

101 FORYMATLLIHU 12X 39HCJUM3 INED FLUWS ELEMENT, CUMBINATIUN NO.,12,3%X,12H

2CINVOUC T oNU =9 [ 343Xy 1043NIRYaNB.=9I13,3Xy31HPREVIOUS FELEMENT VAR.TEM
3P .\u‘S.=,l 3'[.X'3HANI)9I‘+)

102 FIMAT(LAGy2X s LIHCUNDUC TLELEMENT NOW 91493 X420HVAR.TEMP, ELEMENT N3

29149 3Xy 1OHFLOW 23D =412}

SUMT{NBPT)=0.0
SUMHINSPT)=0.0
ITYPE=TDL(JoP T,17)

IF (ITYPE.NZ.T) 50 Ta L
GuL T3 99

SPECIFIE) FLUKX
IF (H{NBP Ty1).60.0.) 0O 1O 2
SUMTINGSPT }=4(NBPT, 1}

FIRCED CIONVECTIUN {INCL.SPECIFIED COEFF.)

IF {Ad(NBP T42).EQ.0.) 53 TU 3

SUMH{NBPT)=A{NBPT,2)

SUMTINBPT ) =SUMT(NBPT) +1INBPT,3)-H(NBPT 2)*T{JBPT)

FREE CUNVECTION

IF (HOB2T,4) EQeU) 50 T 4

SUMHIENGP T ) =5UMHINBPT) +4(NBPT,4)

SUMTINBPT ) =3UMTINBPT) +1{NBPT,5) —H(NBPT ,4)%T{J3PT)

RACIATIJUN

IF {(HINgP?T,6)e£w-0.) o8 TO 5

SUSHINBP T I =SUMH{N3PTI+14{NBPT,56)}

SUMTINGP T ) =3UMT{NBP T} +4(NBPT,7)-HINBPT +6) *¥T1{JBPT)

VAKYING TEMPERATURE

IF {(HINBPT,3) .EQ.0.) GG TY 99

NTF=NTF+1

NPT=0

L HN=0

wF1l=0.

SUMH{NGPT } =SUMH{NBPT) +A(NBPT,3)

IF (KANIN3PT)}.EQ.U) SU TO 6
SUMTIANBPT)=SUMT{NSPT)+4INBPT,8) *{TEND(NTF}-T{JBPT))



10

11

12

13

14

15

16

17

18

19

JNPT=AFN{NTF)
JLHN=GFN(NTF)

75=0.

IF (UNPT.EQ.0) GI TO 7
NPT =g BNTLJINPT)

IF (JLHN.EQ.O) GJ TU 3
LHN=JNTF{ JLAN)

1F (NMINDR)-JBPT) 14,9414

CIMBINED FLIWS
JNFR=NATINDR)
JNEOS=NUBTINDR)

IF (UNFR.EQ.O0) GJ TO 10
NFR=JBNT{ JNFR}
JAT=JNTF{ UNFR)

Gl T2 11

NFR =0

TBNDINFR) =U.

HI{NFK, G)=0.

If (UNFS.Ew.0) 63 TO 12
NF5=J3NT{ JNFS)
JBI=dNTFLJNFS)

G3 T3 13

NFS=0

TBNDINFS) =0.

HINFSy 31=J.

IF ((NIT-1).2Q.0) wRLTE(0,sL0Ll) NDR,JBPTNTF4JAT,JBT

STARTING TEAP LFOR CUMBINED FLOWS ELEMENT TEMP.CALC.,
COMpE =H(NFR,y9)+HINF S,y )
PNFR=H(NF R, I} *TBNDINFR)/COMBF
PNFS=HINF 5, 3)%T3NU(NF S) /CUMBF

STEMP =PNF R+PNF S

NUR=NDOR+1

G3 T3 138

STARTING TEMP.URJIINARY FLOW ELEMENT
NTR=NTR+1

NER=NBRINTR)

IF ({INIT-1)ebQdeD) WRAITE(6,102) JUBPTyNTRyNBR{NTR}
IF (LHNWNEWLD) GO Ta 17

GJ Tu (15516} ¢NER

STeEMP =CDL 6}

o4 TO 18

STEMP=COLT)

G3 TJ 18

STEMP=TBND{LAN)

IF (KANINBPT).NELO) 30 TJ 99

CALC.TEM? .CHANGE
HINC=TCFINTF)/CD{ 3}

IF (QFINTF)WEQ.0.) GuU TO 19
QFL=aFINTF)/{H(NBPT,5}%CD{9))
NCD=CD(9)

65
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20
21

22

23

IF (NPTWNEWLO) GU TO 22

TEMP.CHANGE-NO ANN.NABOR

DU 21 INC=L1,NCD

IF (INC.NELLl) 60 TO 20
TSCINC)I=STEMPHHINC*(T(JBPT) -STEMP) +QF1L

GJ) TJ 21
TSOINCI=TSUINC- 1) +AINCEITLUBPTI-TS{INC-1) 1 #QF 1
CONTINUE

TBNDINTF)=TS{INC)

GO 70 25

TEMPLCAANGE-ANNULAR NA3UR
HANC=HINP T48) /{(H{NP T, 9)%CD(9))

DU 24 INC=1,NCD

IF (INC.NE.1) GO TG 23

TSOINC)I=STEMP +RINC®=(T(JIBPT)-STEMP) +HANCX (T (JINPT)-STEMP) +QF 1]

Gl T3 24
TSCINCI=TSUINS-LH+AINI*{T{JBPTY =TS {INC—1) ) #+HANC*{T (JNPT)~TS(INC-1)

1)+JF1

24 CONTINUJE

25
99

ToNUINTFI=TS{INC)

TUNOINPT)=T3NDINTF)

KAN(NPT)=1

SUMTINSP T)=SUMTINBPT) +4(NBPT»8) * {TBNDINTF)-T (JBPT )}
RETURN

ENV
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SURROUTINF TATSITOLl+JPToNDIMNBNDNBDIMyQ9yToH,RDLLNyCELNK)
OVFR-RFLAXATINON AND NEW TEMPFRATURF CALCULATICN
DIMENSTON TDI(NDIM,16),CEINNTIM,L4),1LD(10) ,RD(5)

DIMENSTON NBADINBDTIM),O(MDIM), T(NDTM) ,H{NBDTM,9)
CrMMON/BLK1/JBNT{300)KAN(190) 4NTF ,NDR,NTR,QF (95) +NQR

101 FORMAT{1HC, 5%, 58HERROR TN BNDRY AND CONDJNC CORPESP.{TATS CHECK OF

PITFRATTON.T6,13H)CONDLEL FMENT,, 14425HGIVES BNDRY NO OF ELEMENT,14)
HSUM=0,

FAST CONDUCTANCE
NF= THI{JPT, %)
TEF INFY 2,1,2
1 CFIUPT.1)=0.C
Ge TN 3
2 CRUIPT L= 70TNI(UPT44) /(2. %TDLIIPT 14 ) *TDL(JPT,L18))4+TDLINEL4)/(2
1.2TDUINF, 14)TND1(NE, 18))+TN1(JPT,10))

NCRTH CONNUCTANCE
3 NN=TPLIUPT. )
TF (NN) 5,4,°%
4 CFLIPT,2)=1.C
GC TN 6
S CROIPT2)=1./{2.%TDI{JPT+3)/(TDL(JIPT,L1I8) ¥{3.*%TDNI(JPT,15)+TNL{JPT,1
1611142 %TDLINNG 3V /{TDTINN, 18I * (3, ¥TDL(NN,16)+TNL {(NN,15)))+TDL(JIPT,
211)

WFST CONNDUCTANCFE
€ Nk=TRV1(JPT,7)
TF (N4} 8,7,7°
7 CE(IPT3)=0.C
GO T0 9
8 CRIUPT«31=1a/{TNL{IPT44) /(2.%TDLUJPT, 14 ) %TNL(JPT,L,18)VY+TDL(NW,4}/(2
1¥TNTINW, 14)*TDT(NW, 18Y)+TDLI(JPT,12))

SNUTH CONCUCTANCE

9 NS= TDHHIPT, &)
TF (NS) 11,1C. 11

10 CFLUPT,4)=0.C

GO TN 12
11T CRUIUPT 4)=1a/(2.%TDL(JPT 43 ) /{TDLIJPT I8 {3, %xTDI(JPT,L16)+TDLLIPT, 1

1511142 .%TND1IINS2)/{TDTINS, 18I ¥ (3. #TDLINS,L15)1+TD1(NS,16)))+TDLLJPT,

217))

12 NTD=TND1(J4PT, 17)
IF{NTD.EQ.7) 60 TN 99
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13

14
16

99

CPMPUTE RFSTCUAL, OVER-RELAX

RES=CRE(JIPTH L I{TINE)-T{IPT)II+CE(JPT,2) % {TINN)=-T(JIPT)I+CE(JPT,3)*(T
HNWI-TUIPT I E(IPT L4 ¥ ITINS)-TIIPTII+Q(JPTY

CSIM=CF{JIP T 1) +CF(JPTL,2)+CE(JP T 3)+CELJYPT,4)

WRES=RD{1}*RES

CMMPUTF NFW TFMPFRATURF

IF (NDCJPT))Y 313,15,13

NBPT=J4BNT(JPT)

JRPT=NBND{NRPT}

IF (JRPT.FQ.JPT) GO 1O 14

WRITEL6,1C1)} NTT,JPT.JBPT

NK=1

GC Tn 99

HSUM=H{NRP T, 2z} +H(NBPT,4)}+H(NBPT,6)+H{NRPT,8)
TLIPTI=T{UPT I+UWRES/(CSUM+HSUM)

R ETURN
END




$TBFTC FITA

inNe el

o}

C

101

SUBROUTINFE FIT2(TDL1NDIM,JPT,ALPHA,THFXP)

FIT EXPANSICN CNFFFICIENT FROM PGLYNOMINAL CURVE

DIMENSTION TRIINDIM,19),CO0S{S)+CALC(6) JALPHA{1S,11),THEEXP{NDIN)
FORMAT(THO.2CX+45HTEMPERATURE EXCFENS CURVE FIT LIMIT FOR ALPHA)

TFMP= TD1(JPT,19)

MAN = TDL(JPT,9)

NN 1 NCO=1.5
CESINCQO)= ALPHA(MAN,NCQ)
TRITF4P-CQSI 1)) 3,3,2
WRITE(6,1C1)

GC TD 9

NGP = €OS(2)

NP 1=NOP + 1}

NO 4 NCO=1.NCP1

1 € = 54NCO

CAlLCINCO)Y= ALPHA(MAN,LLC)
TRICRS(2)) €,+5,.,6
Y=-CALC{1)*CCSt4)

GO TN 8

Y = CALCINNP])

TEMY = TFMPXCQS(ES)

NN 7 NPY=1,NOP

J7 = NOPL-NPY

Y= CALC(.J2)+Y¥TEM]

Y = Y(CQS{4)
THEEXP{JPT ¥=Y

RFTURN
FND
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tIBFTC CONCHC
SURROUTTINE CONCHK{JPT4NDIM,1UL yERR4LD4NK,T)

CHFCK FMR CCAVERSENCF 0OF OVER-RELAXATION CALC.

s NeXe)

NDIMENSTON TRI{NDIM,19),L0{10),s TINDIM)
101 FORMAT(24X,14,415XsFE14.7))

NDIFF=T(JPT)-TN1(IPT,19)

TF (ARS{NIFFILFERR) GO T ]

NK=1

1 IF {(LN(4).FCL.N) GO TN QG
WRITF({6,101) JPT,T{UPT),TOL{JIPT,19),DIFF,,LRR

9 RFTURN
FAD

$TRFTC CFFRMM

SUBRNITINF DEFNRMIJPT,NDIM, TDL »RD LN THEXP)

NS

CCMPUTF FREE THFRMAL EXPANSION  ALPHA®DELTA TEMP
NDIMFENSION TLC1(NDIM,19),THFEXP(NDIM) ,RD(5),LD{10)

101 FOARMAT{ 1HG, 1CX s 1 EHFL FMFNT COND JNN=314+3X 6 HALPHA=,E13.6453X,SHTEMP=
29 F12 5+ 3X« 14HALPHAX(T1-T0)=,E13.6)

T IN=RD{ 2}

DELTAM=TN1(JPT, 19)-TIN

A=THFXP{JPT)

APT=THFXR(JPT)=IELTFM

THEXP{JPT)=ACT

TF (INLIN)LFR.0) GO TD 9S8

WRITF(A,1011) JPT,ALTD1{(JPT,19) »THEXP{JPT)

99 RFTURN
FND
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Read in problem parameters and
property curve fit data

Read in element conduction
data TDX(NJPTS, 13); if card
order correct, NK=0

No

NK=0?
Yes
| If conduction neighbors agree, NK = 0 l

No

NK=0?
Yes

Compute element boundary
areas and store in TD1

(_Read in initial temperatures )

to initial temperatures

< Curve fit conductivity

1]

C

Read in element boundary condition data,
compute coefficients and conductances

)

CALL CQON

i

No Yes

l

Perform iterative over-relaxation
analysis to determing steady-
state temperature distribution J

[}
Calculate boundary conductance
and heat flux for each element |CALL FITI

CALL QT

Calculate new temperature for
each element by over-relaxation

I CALL TATS I

Maximum iterations achieved?
. No
( Check for temperature change convergence )

CALL CONCHK

( Convergence achieveﬂ)—ﬁ——-

Yes

NK=0?

[

¥ Yes
——C Calculate conductive heat quxes)
]

Curve fits thermal expansion
to final temperatures

( Calculate a AT for each element )

iCALL DEFORMl

{ It additional case, GO TO BEGIN )

*{Endl

Fiqure 8, - Flow chart for main route SEAL2,
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| If indicator card in correct place, NKTOJ
|

Boundary condition type =77 )
Yes

(' Read in specified tempeT’Et[fre~ )

If index card conduction number
matches indicator card, NK-0

{ Boundary conditio‘n-type = 1?‘>£>

§ Yes

(' Read in specified heatﬁflux )

If index card conduction number
matches indicator card, NK=0

P
Noﬁ/ Additional boundary condition? >
i Yes -

ves Boundary conditionit;pe$>
¥ No No
@undary condition type = 1?>__—..
§ Yes

Place specified heat flux in
element total heat flux

No Type = 2 (type 5 lncluded here)?>_____J

1 Yes

Add forced convection conductancer
and calculated heat flux to totals

matches indicator card, NK=0 l

No NK-07

Yes

GO TO type and subtype
indicated by index card

: —

Read in appropriate data,icalculaté-
coefficient and conductance )

Return

End

Figure 9. - Flow chart for subroutine CQN.
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= Type = 3? L,

Add free convectlon conductance
and calculated heat fl ux to totals

No

Add radiation "conductance"
calculated heat flux to totals
—={ Type = 62 — —

|
4——N°——Qdditional bou ndaryiconditio_rg>—Ye—s———>

f Yes

Calculate temperatures as fiow proceeds,
calculate varying temperature conduction
and heat flux, and add to totals

lReturnl—ﬁ

Figure 10, - Flow chart for subroutine QT.



APPENDIX B

CHANGING OF BOUNDARY CONDITION COEFFICIENTS

The program is designed to make the addition or substitution of equations for heat
transfer coefficients relatively easy. The coefficients, the products of coefficient times
boundary area and the products of coefficient times boundary area times bulk fluid (or
environmental) temperature are calculated in subroutines SN1, SN2, SN3, SN4, SN5,
FC1l, FC2, FC3, and RA1,

The varying temperature coefficients, at present, use subroutines SN1 and SN3.
Other calculations for the varying temperature boundary conditions are performed in
subroutines CQN and QT.

Substitution of a Different Coefficient

To substitute a new expression for one of those presently used, the appropriate sub-
routine is rewritten using the present words in the TD2 list for the output (coefficient,
etc.). This assumes that the same properties or at least the same number of properties
are required. If not, the number of items to be read in must be changed in subroutine
CQN. Also the TD2 words used for output must be changed in the coefficient subroutine
as well as in subroutine CQN. The appropriate formats of subroutine CQN must also be
changed to reflect the TD2 changes.

The TD2 list of a varying temperature condition must be compatible with the TD2
list of the coefficient subprogram used. Thus, if subroutine SN1 is changed to require
more input data, subroutine VT1 (see table II) must also be changed. The output, which
is common to both, must use the same new TD2 words.

TD2 word changes for a varying temperature subroutine must be made in subroutine
QT as well as in subroutine CQN. Wherever a TD2 word (e.g., TD2(15)) appears in the
varying temperature sections of subroutines CQN and QT, the new word must be substi-
tuted.

Also the two indicator flag words (TD2(10) and TD2(11)) must be the same for all VT
(varying temperature) conditions. The calculations involving the flags require this. The
sections in subroutines CQN and QT handling the temperature change along the flow and
the effect of flow combination use the flags to control the flow in the subroutines. If one
or both of the flag words are changed for one VT condition, it (they) must be changed for
all conditions and the new word(s) must be used in subroutines CQN and QT.
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A word of warning should be added. As implied previously, the TD2 list is used for
both input to and output from the coefficient subroutines. This table is dimensioned for
20 items. If more are needed, the dimensions in SEAL2, CQN, and the coefficient sub-
roufines must be increased.

Addition of New Coefficients

If an additional boundary condition is desired, a new subroutine must be written, A
varying temperature condition involves the precautions mentioned under substitution,
Also the TD2 list capacity must be remembered.

Also, for an added condition, a section must be added to subroutine CQN. This sec-
tion will be analogous to the subtype sections already present. The products of coeffi-
cient times area and of coefficient times area times bulk fluid temperature must be
stored in the correct places in the conductance matrix. An output format for the TD2 list
must be composed. Unused statement and format numbers are provided for this purpose.
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APPENDIX C

COMPUTER PROGRAM APPLICATION TO MAINSHAFT SEAL
Seal Description

This appendix is presented as an application of the computer program to a specific
seal design. Figure 11 shows a schematic of a mainshaft seal being developed for gas-

Sealing ’A‘
interface—
s 1] T3
bearing- \‘
_~Spring \ \ peNosepiece g T
o assembly X

it
kﬁﬂ“t"‘?‘l
Ny II

;' MI I'\».Il"h"

Figure 11. - Face seal with self-acting gas bearing for lift augmentation.

turbine engines. This is a face-type seal with a self-acting gas bearing which acts to pre-
vent rubbing contact when deformation of the sealing faces occurs.

In figure 12(a) a modified version of the nosepiece assembly is presented and the
boundary conditions are shown. This modification is for the purpose of concentrating on
the mechanics of the program application.

Figure 12(b) shows the element schematic including conduction numbers and dimen-
sions. A portion of the seal plate is included since it influences the temperature of the
airflow through the seal gap and therefore has an effect on the nosepiece temperature.
Also a portion of the piston ring and its holder, which form a conduction path to the nose~
piece carrier, are included,

The numbering sequence starts with the nosepiece assembly since this is the region of
interest for this problem. The desired printout is therefore available at the beginning of

15



525° F oil

525° F oil
535° F, 15-psia oil mist
5 SEFM 525° F ol
I 525° F oil
/—300 psia
F[::::\\ L/S o 525° F ol
I3 L

L

3 SCFM

L2 SCFM

o —nsia ai .
B300TF, 315-psiaalr /e 10 SCEM
N

1300° F, 315-psia air

Shaft speed, 1570 rad/sec

(a) modification of and boundary conditions for nosepiece assembly of seal depicted

in figure 11.
0.36 Average clearance 070,065 r Ar
0. 0005 seal gap | Tav N
(axial scale 87188l 3.815 0.090
increased) — Al . W@—E
05 075 075 ) .090
T AT el | LS jors &%) 315 .0 !
3630 008 || 49s50|51| [83]84] 3.635 .09
45 >P0 .08 | |109]110 .47/ |8182) o e o 0w T A T
. 3,480 ) b . . . |. |. '- |
06 /|107]108|| 1a1/42]43] 44 |45 76|77, =T 18] 3450 TV
3.415 .07 [105]106|| [36]37|38(39 |40 71|72 B34 75] 3405 05, o0
3.35 .05 | [103]104|[30[31] 3233 |34 | 35| 63(64| 65 | 66 | 67 | 68 | 69 70| 3.355 05
3.305 .05 | [101]102]{24[25| 2% |27 |28 | 29| 55|56 57 | 58 | 59 | 60| 61 | 629 3.310 .04
3.255 .05 ) [99 100 [19t20[21 |22 3| 53|54 -3
3.195 .07 || 9798|1314 15 16717 18 | 52 0 8 |9 320 .10
315 .07 )| 959 ((7/8]9 |10 T1t12}~ —=
3.000 .061 |93]94)]1]2]3] 4] 5] 6]08" 7~—0.04 diam (36 holes)
3.03 !
050
2.965 .13 | 9192
2.90——

{b) Dimensions and conductance element numbering for nosepiece assembly depicted in figure 12(a). (All

dimensions in inches.)

Figure 12, - Example problem.



~FC3—

(\-SCI (h=0. g00337331 24 25

\ Btul{secKft“)(°F) N
\

23|26
\\ —=FC3 W E
~ w|w ]| |27

15 19 21128
14 20| |2 = Fg: -
1B 0[——FC— 3 38
58 |12 3132 33 39
50| 10| 1 41 407
56 |V12[47146.] 9/—SN4—] !
a9 Vaslaata3] i/_ 0 n| z
a3 42147

11213|14(5]|6
SN4

“—SC1 (h = 0, 001380662 BtulsechtA(°F))

Specified heat flux
(-0.1029851 Btu/sec)

{c) Boundary element numbering and boundary heat transfer conditions for nosepiece
assembly depicted in figure 12(a).

Figure 12, - Concluded.

each section of output, and the remaining elements can be ignored. The piece by piece
numbering is not necessary; any convenient order could be used.

Figure 12(c) shows the boundary numbers and the subroutines used to calculate the
heat transfer coefficients. Here again, the sequence is a matter of convenience and the
nosepiece assembly is numbered first. Numbers 1 to 11 are assigned to the region where
concentric cylinder flow (SN4) is assumed. Conduction element 56 was ignored since only
a relatively tiny part is a boundary of the piece. Numbers 12 to 41 were assigned to the
liquid film cooled (FC3) boundaries. The varying temperature duct flow (VT1) is num-
bered next. Since conduction element 12 already has a boundary number (7), the sequence
continues with 42 assigned to conduction element 11. The method used is an approxima-
tion to avoid the complexities involved if conduction elements 18 and 14 are included as
should be done. For the varying temperature seal gap (VT2) flow, numbers 48 to 50 were
assigned to the nosepiece elements not already given boundary numbers.

For the seal plate, the east face of conduction element 92 and the north face of 110
were assigned coefficients. The south face of 92 was assigned a heat flux. These values
were obtained from a thermal analysis of the seal shown in figure 11. Boundary numbers
53 to 60 were assigned to the seal plate elements exposed to seal gap flow, The remain-
ing boundary numbers, 61 to 72, were assigned to elements given specified temperatures
obtained from the previous analysis mentioned.

The title and parameter cards (Items 1 to 5 under Computer Input in appendix A) were
filled out as indicated in the first section of the printout. Also in this section, Items 6
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and 7, the thermal conductivity and expansion data, are indicated.

Next are the conduction element cards (input Item 8). These are shown in the second
section of printout (conduction element table). Words 1 to 8 of each card are obtained
from the information in figure 12(b). In word 9, three materials were used. The nose-
piece was material number 1. The piston ring and its holder were material number 3.
The remaining parts were material number 2. The last four words are contact resis-
tances.

It should be noted that each contact resistance must appear twice since the program
ignores neighbor contact resistance in computing heat fluxes. Thus for elements 42
and 46, the contact resistance appears in word 11 (north contact resistance) of element 42
and in word 13 (south contact resistance) of element 46, Contact resistances between
parts were calculated using a ''conductance coefficient'' (hc = 0. 2) for conductance across
the interface. The resistance between elements 90 and 60 was the difference between the
resistance of the air gap and the resistance of an equal volume of material number three
(element 90 uses the same mean radius and radial width as element 89). The resistance
between mismatched elements (elements 52 and 54 were changed in axial length to approxi-
mate the actual dimensions in the region) was calculated as illustrated in figure 13. It was
assumed that the larger ith element (e.g., 52) has a conduction path length of d' rather
than Ar/2 as in figure 5. The area was based on Alm rather than Al;. The contact
resistance was the difference between d'/27rrm Al and Ari/4nrm ALs.

The initial temperature estimates (input Item 9) follow the conduction cards. These
values were obtained from a previous analysis in order to reduce the computer time re-
quired. However, any reasonable estimates can be used including the use of one temper-

ature for all elements.

I——All—>, Assumed

conduction

North neighbor path
j=2
I'2 .
'
i +/§
vy
rm ot——— Alm \
s ‘9 \ A
: —| A i
ith element _L
]

Figure 13, - Qutline of calculation of contact resistance between

elements of different axial dimensions. d' = YAZ + (AliIZ)z;
Al = (AL + A2,

8



995 994
_—
1005 1004 ~—~~~ Varying temperature
boundary temperatures
| 1026 1024
810 812 813
812 815 816 1055 1054
86 82 905 939 1011 | 1087 1086
, 118 | 111 1103
I
85 924 957 997 1051 | 1123 1123 2 | 1104
893|909 932 95 1003 1044 1092 | 1159 16T | 120 1204 1162 1128 | 1114 1105
900 |914i962 1002 1042 1083 1127 | 118 . 1190 | 1213 1213 1163 130 | 1115 }105/
013.. .
10 e ne ue | o] 1y
S~ 125 3. 15
97 | o8 1o =, =TS | 1w | 1240
‘ ‘ 1095 T~1138 1286 ~
A‘.\TZB; <
968 |10a8|120] 1174 | 1209 | LB /™
1239 | 1283l
1052 | 1207 |1262| 1279 | 1286 | 1291 | 1298

6L

Figure 14.- Example problem of temperature distribution in °F for nosepiece assembly of seal depicted in figure 11.



The boundary heat transfer cards (input Item 9) are assembled element by element.
The boundary numbers determine the order of the sets. A set consists of the indicator
card for the element followed by the index card, plus any others required, for each ''side’’
of the element that is a boundary. The indicator cards do not appear in the printout but
the order of the other cards for each element is indicated in the section of printout follow-
ing the initial temperatures. This section, aswell as the conduction element table, are
not standard output items but are included to indicate the cards required. Some calculated
values (Reynolds or Prandtl numbers and the following items for each element side) are
included in this printout.

In preparing the varying temperature boundary cards, the region at which the flows
joined required the use of approximations because the program permits only one varying
temperature condition per element. Boundary element 47 (fig. 12(c)) was assumed to be
affected only by the duct flow. For boundary elements 49 and 50, special areas (code
number 5) were used with the sums of the appropriate faces as the area values. Ele-
ment 56 was made the combined flow element with 47 and 55 (conduction numbers 19
and 98) as the upstream elements.

The film cooled (FC3) boundary was another area where approximations were in-
volved. It was assumed that flows originated at the northwest corners of boundary ele-
ments 16 (two 0. 018 1bm/sec), 24 (two 0.018 lbm/sec), and 35 (two 0.012 1bm/sec) (see
fig. 12(c)). The flows were assumed to be either toward or parallel to the axis except for
elements 20 and 31 to 33. The arrows outlining the region indicate this. Elements 20 and
31 to 33 had flow around the circumference and were the only elements where the equation
properly applied. For the other elements, the flow length was taken as the sum of the
element sides over which the flow occurred and the length perpendicular to flow was the
average circumference for the side.

After all cards were prepared and assembled, a preliminary run was made to check
for errors. The LD card (input Item 2) options (or words) 1, 2, and 5 were used. Limits
of 1 minute and 100 iterations were set. The results of the final run are presented in the
sections of printout starting with the element center temperatures. These temperatures
and the varying temperature boundary temperatures are also plotted in figure 14. Im-
proved results could be obtained by using fluid properties based on the new film tempera-
tures calculated from the results. This applies especially to the varying temperature
flows where the properties were based on the initial flow temperatures (1300° F).
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Computer Output for Sample Problem

SAMPLE PROOBLEME MATINSHAFT SFAL NOSEPIECF

to= 1. 1 2, 1 3, 1 4y -0 S5 1 6y -0 Ty -0 8y -0 9, =0 10, -0
NT= Te 1 2y -0 3. -0 4y =0 5+ =0
RN= 1, 1.5C00C0E €O 2, 7.D00000F 01 3y 1.000000€ 02 4+-0. 590,
D= 1y, 1.1PDON0OE 02 2+ 7.200000E 01 3, 1.000000E 03 4, 5.0000N0F-02 Se-0.
6+ 1.300000E (3 7+ 1.300070F 03 RBe=0. 9y 2.000000F 01 10,-0.

DATA FOR ALPHA.
1.5000000€ €3 2 1.0000000F 00 3 1.0000000F 00 4 1.0000000E 00 5 1.0000000E 00 6 1.3500000E~-06
7 1.50000CrE-09

-

DATA FOR ALPHA.
1 1.8000000€ 03 2 2.0000000E 00 1.0000000E 00 4 1.0000000F 00 S 1.0000000E OC 6 2.944T000E-06

7 2.5400000£E-C9

Y

DATA FOR ALPHA.
1 1.6000000E 03 2 3.0000000F€ 00 3 2.0000000E 0O 4 1.0030000E 00 5 1.C0N00000E 00 6 7.0200000€-06
T B.6071429€-10 8 3.5714290F-13

CCNDUCTION FLEMENT TARLFE (TN1)
1, 1.CO0CF 00 2+ 3.06C0F 00 3+ 6.0000F-02 4y 5.0000F-02 59 2.0000E 0O 6, 7.N0C0F 00 T+ 0.
8s 0. 9y 1.0000F 00 10.-0. 11,-0. 12,-0. 13.,-0.

1l 2.C000F 00 2y 3.060C0E 00 3. 6.0000E-02 4, 5.0000E-02 5 3.0000E 00 6, 8.0000E 00 1
8,~0. 9¢ 1.0000E 00 10,-0. 11,-0. 12,-0. 13,4-0.

1.0000E 00

-

1, 2.0000E 00 2, 3.0600E 00 3y 6.0000F-02 4y T7.5000F-02 5 4.0000E 00 6+ 9.0000E 0O 7+ 2.0000E 00

8,-0. 9+ 1.00006E 00 10,—0. 11,-0. 12,-0. 13,-0.
1. 4.CNOCE 00 2y 2.06008 QO 3, 6.0N00F-02 4s T.5000€E-02 5y 5.0000& 00 6y 1.0000E 01 7+ 3.0000€ OO
84-0. 9. 1.0000E 00 10,-0. 11,-0. 12,-0. 13,-0.
€.CO00E 00 2, 3.0600F 00 3y 6.0NN0F-02 4y T.5000F-02 S+ 6.0000F 00 6y 1.1000€ 01 7+ 4.0000F 00
9, 1.0000F 00 10.,-0. 11.-0. 124-0. 13,-0.
1, 6.C000F 0O 2+ 3.0600E 00 3, 6.N0N0F~-02 4y T.5000€-02 5y 0. 6y 1.2000E O1 7. 5.0000E 00
8.-0. 9y 1.000CE 00 10,-0. 11,-0. 12,-0. 13,-0.

1. 7.C00CE 00 2, 3.1250E 00 3, 7.N000F-02 4y 5.0000F-02 5, 8.0N00E 0O 6y 1.3000F 01 Ty 0o

8, 1.0C00F 00 9y 1.0000E 00 10+-0. 11,-0. 12,-0. 13,-0.

1+ 8.CO000E 00 2+ 3.12506 00 3, 7.0000F-02 4s S.O0D00E-02 5y 9.0000E 00 6y 1.4000E 01 7y 7.0000E 00
A, 2.CCOOE 00 9« 1.0000E 00 10,-0. 11,-0. 12,-0. 13,-0.

1« 9.0000F 00 2+ 3.1250e 00 3, 7.0000E-02 4y 7.5000£-02 S» 1.0000F O1 6, 1.5000€ O1 7+ 8.0000E 0O
8., 3.0CNOF 00 9. 1.0000E 00 10.-0. 11,-0. 12,-0. 13,-0.

1s 1.C0O00F 01 2, 3.125%0E 00 34 7.0000F-N2 4y T.S5000E-02 S+ 1.1000F 01 6 1.6000F O1 7+ 9.0000E 00
B8, 4.0CD0F OO Ss 1.0000F 00 10,-0. 11+-0. 12,-0. 13,-0.

1« 1.1000E 01 2, 3.1250E 00 3+ 7.0000€-02 4y T.S5000F-02 5» 1.2000€ 01 6y 1.7000€ 01 7+ 1.0000E O1
Ay S5.CCOO0E Q0 9+ '1.0000E 00 10,-0. 11,-0. 12,-0. 13,-0.

1+ 1.2000F 01 2y 3.1250E 00 3, 7.0000€-02 4y T.5000F-02 5, 0. 6y 1.B000E 01 7., 1.1000€ 01
8+ 6€.0C00F 00 9¢ 1.0000E 00 10,-0. 11,-0. 12,-0. 13,-0.

1. 1.2000E 01 2+ 3.1950E 00 3y 7.0000F-02 4y 5.0000F-02 Sy 1.4000E 01 6y C. 7+ O.

8+ 7.0CQOF 0O 9+ 1.0000E 00 10,-0. 11,-0. 12,-0. 13,-0.

1+ 1.4000E 01 2, 3.1950€ 00 3. 7.0000F-02 4, 5.0000E-02 5y 1.5000E Ol 6y 1.9000FE O1 7, 1.3000€ 01
8+ 8.CCOOF QO 9y 1.0000E 00 10,-0. 11,-0. 12,-0. 13,-0.

1. 1.5000F 01 7+ 3.1950F QO 3+ 7.0000E-02 4y T7.5000E-02 S5y 1.6000E 01 6y 2.0000E 01 Ts 1.4000€ 01
8+ 9.0C00F 00 9y 1.0000E 00 10,-0. 11,-0. 12,-0. 13,-0.

1. 1.€6000F 01 2+ 3.1950E 00 3, 7.0000F-02 4y T7.5000F-02 S 1.7000E 01 6y 2.1000€ 01 T+ 1.5000F 01

8s 1.0C00F 01 Ss 1.0000E 00 10,-0. 11,-0. 12,-0. 13,-0.



le 1.70C0E 01
Ay 1.1097F 0

1, 1.PDONE 01
By 1.2CN0F 01

1. 1.SN0CF 01
Be l.4CODF 01

le 2.CNOCF O}
R. 1.5C00F 01

1. 2.19N00F C1
8, 1.6000F O1

le ?2.2)COF 01
As 1.7CNOF 91

1, 2.3000F 01
8, 1.PCOOF 01

1e 7.47CNE €1
As 0.

le 2.5000F Q1
B, 1.5CCOF 01

1e 2.€NC0F 01
8y, 2.0C00F O

1. 2.7000F Ol
A, 2.1C00F 01

1. 2.EQ00F 01
Re 2.7CN0F 01

1. 2.6000F 01
A, 2.3CN0OF 01

1, 3.C009F 01
8y 2.4C00F O1I

1. 2.1000F C1
8. 2.5C00F 01

le 2.200CF 01
8, 7.6C00F 01

ts 3.3N00F 01
Re 2.7C00F 01

l. 3.4000F Q1
8, 2.8C00F 21

1, 3.5000F 01
A, 2.9CNOF O

1, 2.£000F Q1
fle 3ILIFONF O

1. 2.7700F 01
8. 3.2C00F 01

1s ?2.8000F C1
A, 3.7CN0F 01

1. 2.S000E Ct
Re 3.4CNNF 01

1. 4.C000F 01
8, 3.5(00E OL

1s 4.1N00F 01
8, 3.6CN0OF 01

3e T.O00NOF-02
10,-9,

3, 7.0000E-N2
104 S.1200F 02

3y 5.0000F-02
10, 0.

3+ 5.0000E-02
10,-0.

3+ 5.0000F-02
10,-0.

3, S.0000F-02
10,-0.

3y 5.0000F-02
10, 7.0400E 0?2

3+ 5.0000F-02
10, 0.

3+ 5.0000F-02
10,9,

3+ 5.0000F-02
10.-00,

3+ 5.0000E-02
10,-0.

3+ 5.0000E-02
10,-0.

3y 5.0000F-N2
10, 6,930NE 02

3y 5.0000E-02
10, 0.

3, 5.0000E-02
10,-0,

3+ 5.0000€-02
10,-0.

3+ 5.0000E-02
10.-0.

3y 5.0000F-02
10,-N.

3, 5.0000E-02
10, 6.8300E 02

3y 7.0000E-02
10, 0.

3. 7.0070F-02
10,-0.

3+ 7.0000F-02
10.-0.

3+ 7.0000E-02
10,-0.

3+ 7.0000E-02
10, 4.7900F 02

3y 6.0000F-0N2
10y O.

4q T.5000E-02
11,-0.

4y 7.5000E-02
11,-0.

4y 5.0000F-02
11,-0.

4» T.5000F-02
11,-0.

4y 7.5000E-02
11,-0.

4y 7.5000€6-02
11,~0.

4y 7.5000E-02
11,-0.

4y 5.0000E-02
11,-0.

4y 5.0000F-02
11,-0.

4y 7.5000F-02
i1,-0.

4y 7.5000E-02
11,-0.

4y T7.5000F-02
11,-0.

4+ 7.5000£-02
11,-0.

4y 5.0000E-02
11,-0.

4y 5.0000F-02
11,-0.

4y 7.5000E-02
11,-0.

4, 7.5000E-02
11,-0.

4y 7.5000E-02
11,-0.

4y 7.5000F-02
11,-0.

4y 5.0000F-02
11,-0.

4y 7.5000€E-02
11,-0.

4y 7.5000E-02
11,-0.

4y, 7.5000E-02
11,-0.

4y 7.5000E-02
11,-0.

4, 5.0000F-02
11,-0.

5. 1.8000F
12+-0.

5y 5.2000F
124~0.

S5, 2.0000F
124-0.

5, ?.1000F
12.-0.

Sy 2.2000E
124-0.

Sy 2.3000F
124-0.

Sy 5.3000E
12,~0.

5+ 2.5000E
12,-0.

5, 2.6000F
124-0.

5+ 2.7000E
124-0.

Sy 2.8000F
12,-0.

Sy 2.9000F
12+s-0.

5y 5.5000F
12,-0.

5+ 3.1000F
12,-0.

5, 3.2000E
12,-0.

5y 3.3000E
12,-0.

S5¢ 3.4000F
12,-0.

Sy 3.5000F
12,-C.

5y 6.3000E
12,-0.

5+ 3.7000E
12,-0.

5y 3.8000F
12,-0.

5, 3.9000E
12,-0.

Sy 4.0000E
12,-0.

S5y 7.1000F
12,-0.

Sy 4.2000E
124-0.

6y 2.2000F
13,-0.

6y ?7.3000F
13,-0.

&y 2.5000€
13,-0.

&y 2.6000E
13,-0.

6y 2.7000E
13,-0.

&y 2.8000E
13,-0.

6y 2.9000E
13,-0.

&y 3.0000E
13,-0.

6y 3.1000E
13,-0.

6y 3.2000EF
13,~0.

6y 3.3000E
13,-0.

6¢ 3.4000E
13,-0.

6y 3.5000F
13,-0.

6y O
134-0.

6+ 3.6000E
13,~0.

6y 3.7000F
13,~0.

6y 3.8000F
13,-0.

6y 3.9000E
13,-0.

6¢ 4.0000E
13,-0.

6y 4.1000E
13,~0.

6y 4.2000E
13,-0.

6y 4.3000E
13,-0.

6y 444000
13,-0.

6y 4.5000E
13,-0.

6y O.
13,~-0.

o1

o1

o1

01

01

01

ol

o1

o1

o1

oL

o1

01

o1

o1

[0}

01

ot

01

ol

01

01

ol

7

7

T

7

7

-

7

7

T

Ty

7

7

-
-

7

-

Ty

7

-

K

-

~
-

T

-

T

Ty

7

7

7

7

Te

1.6000E

1.7000E

0.

1.9000E

2.0000E

2.1000€

2.2000E

0.

2.4000€

2.5000€

2.6000E

2.7000E

2.8000E

0.

3.0000E

3.1000E

3.2000€

3.3000E

3.4000€

0.

3.6000E

3.7000Et

3.8000E

3.9000€E

0.

o1

o1

o1

01

01

o1

o1

01

o1

o1

o1

01

oL

01

o1

4]

o1

o1

01

o1



-

.

-

-

-

3, 5.0000F-02
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2+ 3.3550E 00
9, 2.0000F 00

2y 3.3550F 00
9, 2.0000E 00

2+ 3.3550F 00
9, 2.0000E 00

2y 3.3550F 00
Sy 2.0000E OO

2+ 3.1450E 00
9+ 2.0000t 00

2, 3.1450E 00
Se 2.0C00E 0C

2+ 3.0450F 00
9, 2.0000E 00

2. 3.0450E 00
9, 2.0000F 0O

2+ 3.0450€ 00
9, 2.0000E 0O

2, 3.4800E 00
Sy 2.0000E 00

2, 3.48008 00
9, 2.0000F 00

2+ 3.4500E 00
9. 2.0000€ 00

2y 3.4500E 00
S+ 2.0000FE 0O

2+ 3.4500F OO
9+ 2.0000E 00

2, 3.5500E 00
9, 2.0000F 00

2» 3.5500E 00
Sy 2.0000E 00

2+ 3.6350E 00
9, 2.0000€ 00

2+ 3.63508 Q0
Ss» 2.0CQ0E 0O

2y 3.7250F 00
9, 2.0000E 00

2+ 3.7250E 00
9y 2.0000E 0C

2y 3.8150F 00
9, 2.C000E 0O

2+ 3.8150E 00
9, 2.000CE 00

2y 3.2400F 00
9, 3.0000E 00

2y 3.2400E 00
9, 3.0000F 00

2y 2.9650F 00
Sy 2.000CE 00

3, 5.0000F-02

10,-0.

3+ 5.0000F-02

10,-0.

3y 5.0000F-02

10,-0.

3, 5.0000F-0?

10+~0.

3y 7.0000F-02

10,-0.

3, 7.0000€-02

10,-0.

3, 5.0000F-0?

10,-0.

3, 5.0000E-02

10,-0.

3+ 5.0000E-02

10,-0.

3, 6.0000E-02

10,~0.

3, 6.0000F-02

10,-0.

3. 4.0000FE-02

10,-0.

3, 4.0000E-02

10,-0.

3y 4.0000F-02

10,-0.

3, 8.0000E-02

10,-0.

3, 8.0000E-02

10,-0.

3, 9.0000F-02

10,-0.

3, 9.0000F-02

10,~0.

3, 9.0000E-02

10,-N.

3+ 9.0000F-02

10,-0.

3, 9.0000€-02

10,-0.

3., 9.0000F-02

104-9.

3, 1.0000F-01

10+-0.

3, 1.0000F-C1}

10,-1.

3, 1.3000F-01

10,-0.

S5 6.8B000F 01
12,-0.

Se 6.9000E 01
12,-0.

5» T7.0000€ 01
12,-0.

Sy 0.
12,-0.

5+ 7.2000E O1
12y 4.7900E 02

5+ 0.
12, 0.

5y 7.4000E O1
12,-0.

5y 7.5000F N1
124-0.

5S¢ Oe
12,-0.

Sy 7.7000E O1
12y 5.4900€ 02

S5y O.
12, 0.

5y 7.9000E 01
12,-0.

5, 8.0000F 01
12,-0.

5y O.
12,-0.

S5+ 8.2000F 01
12,-0.

Sy 0.
12,-0.

Sy 8.4000€ O1
12,-0.

S5y Oe
12,-0.

Se 8.6000E 01
12+-0.

5y 0.
12,-0.

S+ 8.8000F 01
12.—0.

Sy 0,
124-0.

5» 9.0000F 01
12,-0.

Sy O
12.-0.

5y 9.2000F O}
12,-0.

&y O
13,-0.

6y 7.3000E 01
13.-0.

6y 7.4000€ Ol
13,-0.

6, 7.5000E 01
13.-0.

6y 7.6000F 01
13,-0.

6y T7.TOOOE 01
13,~-0.

6, 7.8000F 01
13,-0.

&y 7.9000E 01
13,-0.

6, B.0000F 01
13,-0.

6y 8.1000€ 01
134~

6y 8.2000E 01
13,~-0.

€y Oa
13,-0.

6y 0.
13,-0.

6¢ Oa
13,-0.

&y 8.3000E O1
13,-0.

6, 8.4000E OL
13,-0C.

6y 8.5000E 01
13,-0.

6y B.6000E 01
13,-0.

6, 8.,7000E 01
13,-0.

6+ 8,8000€ O1L
13,-0.

€&y Ne
13,-0.

6y 0.
13,-0.

6, 5.9000E 01
13,-0.

6,y 6.0000F Ot
13,-0.

&y 9.3000€ 01
13,-0.

7

D)

7

Ty

7

7

Ty

Ty

7

7

7

-

7y

7

-

7

-

T

7

-

Ty

~
-

7

-

Ty

~
-

Ty

7

Ty

6.6000E

6.T000E

6.8000F

6.9000E

4. 00008

7.1000€

O.

7.3000F

T.4000€E

4.5000F

7.6000E

0.

7.8000E

7.9000E

0.

8.1000F

0.

8.3000€

0.

8.5000&

0.

8.7000€F

O.

8.9000F

0.

01

ol

o1

ol

01

01

01

01

01

(38

o1

o1

01

o1

0l

01



92

92

a4

96

a?

98

9G

100

101

102

1017

104

106

107

108

109

110

10¢7.0
1172.0
1050.0
Q46.0
10€2.0
989.0
11€3.0
1172.0
1169.0
871.0
REO.O

1,

1

1,

1,

1e

1,

1,

1,

1,

1.

1,

1.

1.

1.

1,

1,

1o

Te

1110.0
1223.0
1129.0
1(53.0
1(73.0
1181.9
1162.0
1173.0
1169.0

F81.0

£64.0

9.2000F 01
A, 0.

9.7000F 01
8y S.1CO0OF Ol

S.4n0NF 01
8, 9.2CN0F 01

9.5000F 01
8¢ 9.3C000F 01

9.6000F 01
8¢ 9.4C0N0F 01

9.7000F 01
8y, 9.5CN0F 01

S« 8N00E 01
8, 9.6C00F 01

9.5000F 01
A, 9.7C00F 01

1.C000F 02
8, S.RACOOF O}

1.C1L00E 02
8, 9.9(00€ O1

1.(200F 02
8, 1.0C00E 02

1.C30CF 02
8y, 1.0100F 02

1.C400E 02
8+ 1.0200F 02

1.C500F 02
Re 1.0700F 02

1.C600F 02
8¢ 1.C400F 02

1.C700F 02
B, 1.0%D0F 02

1.CRO0E 02
Bs 1.CE0OF 02

1.C900F 02
Ry 1.C700F 02

1.1000F 02
B, 1.CENOE 02

2+ 2.9650F CO 3. 1

9, ?.0000F 00

2, 3.0600€ 00
9, ?2.0000E 00

10,-0.

10,-D.

?, 3.0600E 00 3, 6

9, 2.0CQ00F 00

104-0.

«3000€E-01 4, 68.0000F-02 5y 0. 6y 9.4000E 01 Ty 9.1000E
11,~-0. 12+~0. 13,-0.

3, 6.0000F-02 4, 8.0000F-02 S5y 9.4000F 01 6y 9.5000E O} T+ 0.

11,-0. 12.-0. 13,~0.
«0000F-02 4y 8.0000F-02 5y 0. 6y 9.6000E O} T+ 9.3000€
11,-0. 12,-0. 13,-0.

2+ 3.1250 00 3, 7.0000E-02 4y B.0ODOE-02 5y 9.6000E Ol 6y 9.7000E 01 T+ 0.

9, 2.0000F 0C 10,-0. 11.-0. 12.-0. 13,-0.
2+ 3.1250FE CO 3, 7.0000€-02 4y 8.0000E~02 5 0. 6y 9.8000E O1 Ty 9.5000E
9y 2.0000F 00 10.-0. 11,-0. 12,-0. 13,-0.

2+ 3.1950F 0O 3, 7.0NQ0F-0? 44 B.0000E-02 5+ 9.8B000F 01 6y 9.9000E 01 Ty Oa

Sy ?2.0000F 00 10,-0. Ity-0. 12,-0. 13,-0.
2, 3.19%0F 00 3, 7.0000F-02 44 8.0000F-02 S5y 0. 6y 1.0000E 02 T+ 9.7000E
9. 2.0000F 00 10,-0. 11,-0. 12,-0. 13,-0.

2., 37550 Q0 3y 5

9. 2.0000€ 00

10,-0.

2. 3.2550E 00 3, 5

9, 2.0000F 00

10,+-0.

2+ 3.3050F 00 3, 5

9, 2.0000F 0O

10.-0.

2+ 3.3050F 00 3+ 5

S« 2.0000Ff 00

10,-0.

2+ 3.3550€E 00 3+ 5

9, 2.0000E 00

10+-0.

2, 3.3550€ 00 3+ 5

Sy 2.0000F 00

104-0.

-0000F-02 4y 8.0000E~02 S5y 1.0000F 02 6y 1.0L00F 02 Ty O,

11.,-0. 12,-0. 13,-0.
«0000E-02 4y 8.0000E-02 Sy O 6e 1.0200E 02 7+ 9.9000E
114-0. 12,-0. 13,-0.

+0ODO0F-02 4s 8.0000E-02 Sy 1.0200F 02 6y 1.0300F 02 Ty 0.

11,-0. 12,-0. 13,-0.
«0000F-02 4y 8.0000E-02 S5y O. 6y 1.0400E 02 Ty 1.0100E
11,-0. 12+-0. 13,-0.

«0000E-02 4, 8.0000F-02 5y 1.0400F 02 6y 1.0500E 02 T+ 0.

11,-0. 12,-0. 13,-0.
«NOBOE-02 %y B.0000€E-02 Ss O. 6y 1.0600E 02 7, 1.0300F
11.-0. 12,-0. 13,-0.

2» 3.4150E 00 3, 7.0000E-02 4. 8.0000€E-02 5y 1.0600F 02 6y, 1.0700F 02 Ts 0.

9, 2.0000F 00 10,-0. 11.,-0. 12,-0. 13,-0.
2y 3.4150F QO 3+ T.0000F-02 4e 8.0000E-07 5y 0. 6y 1.0800E 02 7+ 1.0500E
9, 2.0000E 00 10,-0. 11+-0. 12,-0. 13,~-0.

2+ 3.4800E 0O 3, 6.0000€E-02 4, B.0OD0DE-02 5+ 1.0800€ Q2 6y 1.0900E 02 Te Oa

9, 2.0000F 00

10.-0.

2+ 3.4800F 00 3+ 6

9y ?.0000E 00

10,-0.

2» 1.5500E 00 3.8

9, 2.0000€E 00

2+ 3.5500F 0O 3, 8

9, 2.0000E 00

1123.0
1016.0
1158.0
1085.0
1C86.0
1179.0
1174.0
1164.0
1167.0

869.C

858.0

1163.0
1130.0

943.0
1113.0
1101.0
1180.0
1175.0
1163.0
1167.0

877.0

860.0

11,-0. 12,-0. 13,-0.

+0000E-02 4, B.N000E-02 Se O. 6, 1.1000F 02 7+ 1.0700E
11,-0. 12,-0. 13,-0.

+0N00E~-02 4, B8.0000E-02 5y 1.1000F 02 6y O. Te 0.
11,-0. 12,-0. 13,-0.

.0000E-02 4y B.ODDOE-02 Sy O 6y 0. T+ 1.0900€
11+-0. 12,~0. 13,-0.

ELFMFNT STARTING TEMPERATURES

5 1205.0 6 1251.0 7 1042.0 8 1157.0 9 1080.0 10 1127.0

15 1052.0 16 1100.0 17 1141.0 18 1174.0 19 1040.0 20 1053.0
25 947.0 26 1054.0 27 1085.0 29 1120.0 29 1146.0 30 941.0
35 1138.0 36 1058.0 37 1065.0 3R 1086.0 39 1108B.0 40 1132.0
45 1120.0 46 1005.0 47 1007.0 48 1009.0 49 935,0 50 987.0
55 1177.0 56 1177.0 57T 1179.0 58 117%.0 59 1169.0 60 1165.0
65 1176.0 66 1174.0 67 1169.0 68 1165.0 69 1163.0 70 1163.0
75 1163.0 76 1170.0 77 1171.0 78 1164.0 79 1163.0 80 1162.0
85 1166.0 86 1166.0 87 1165.0 88 1165.0 89 1107.0 S0 1060.0
95 B866.0 96 872.0 97 864.0 98 R68.0 99 B861.0 100 865.0
105 956.0 106 B858.0 107 A55.0 108 8%6.,0 109 853.0 110 854.0

ot

01

02

02

02

02

02
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SPECIAL ARFA=-0.

FI FMENT= 1. TYPF=2, SUBTYPF=4, NEXT=1. ITEMS REAN= 9, AREA CODE=4.

CONCFNTRIC CYLINTFRS
T-B=1300. K-F= 0,1018F-04 C-P= 0.2679F 00 PFU= 0.2683F-04 NU= 0.5593F-04 R-0= 0.2525E 00
V-AX= C,3134F N0 RF= 0.1502E 06 PR**1/3= 0.8903F 00 H COFFF= 0.9706356F 00

FI FMENT= ], TYPF=¢&. SUBTYPF=2. NFXT=0. I[ITFMS READN=14. AREA COEF=3, SPECTAL AREA=-C.
VAR,TFMP .RACTAL SFA1 GAP
T-B=1N062, K-F= 0.0€%4F-CS5 (-P= 0.2647F 00 MU= 0.2562FE~04 NU= 0.4990F-04 R-AV= 0,255CFE 00 GAP=
R-0O= 0.,2992F O0 Fl AG-C=0, FLAG-1=2., ANN.NBR.= 94, FLO.NBR.= 0. MASS FLOW= 0.2382f-02
RF= 0.7046F C7 PR¥*1/3= 0.88SCF 00 RE-C= 0.6754F 07 H COEFF= 0.3961579F 00 COEFF*ARFA=

HT LCEN LFACTAR= C.10CCOF 01

SQ.FEET

R-1= 0.2417c 00 OMEGA= 1570.
COEFF*AREA= 0.6416322E-02

SQ.FEETY

0.4333E-04 OMEGA= 1570,

0.3173645E-02

FI FMEAT= 2, TYPF=2, SUBTYPF=4, NEXT=0. [TEMS REAN= 9, ARFA CODE=4., SPECIAL ARFA=-0. SQ.FEFT
CONCFNTRIC CYL INCFRS
T-R=1300. K-F= N_.1021E-04 C(-P= 0,2680F 00 MU= 0.7690F-04 NU= 0.5632F-04 R-0= 0.2525F 00 R-I= 0.,2417F 00 OMEGA= 15T70.
V-AX= C.3134F 00 PF= Q.1492F 06 PR¥*]1/3= 0.8904F 00 H CNFFF= 0.9672406F 00 COEFF®AREA= (0,6393880E-02
FI FMENT= 3. TYPF=2. SUBTYPE=4. NEXT=0. TTFMS READ= 9. AREA CCODF=4. SPECIAL ARFA=-0. SOQ.FFET
CONCENTRIC CYLINFFRS
T-R=130N. K-F= 0,1024F-04 C-P= 0.,2682F 00 MU= 0.7696F-D4 NU= 0.5664F-04 R-0= 0.2525F 00 R-I= 0.2417€ 00 OMEGA= 1570,
V-aXx= (.3134F 00 RF= 0,1483E 06 PR**1/3= 0,.8905€ 00 H COEFF= 0.9643760E 00 COEFF*AREA= 0.9562416F-02
FLFMFERT= 4. TYPF=2., SUBTYPE=4. NFXT=0. [TEMS RFAD= 9. AREA CODE=4. SPFCIAL ARFA=-0. SQ.FEET
CONCENTRIC CYL INCRRS
T-8=1300. K-F= 0.,1033F-06 C(-P= 0,2687F 00 MU= 0.2716E-04 NU= 0.5774F-04 R-N= 0.2525€ 00 R-I= 0.,241TE 00 OMEGA= 1570.
V-AX= C.3174F 00 RF= 0.1455F 06 PR**1/3= 0.8907E 00 H COEFF= 0.9549769E 00 COEFF*AREA= 0.9469218E-02
F1 FMENT=  §, TYPF=2., SURTYPE=4. NEXT=0. [ITFMS REAN= 9, AREA CDODE=4. SPECTAL AREA=-0. SQ.FEET
CONCENTPIC CYL INFFRS
T-R=13C0. K-F= G,1042E-04 C-P= 0.2692F 00 MU= 0.7736F-04 NU= 0.5890E-04 R-N= 0.2525F 00 R~-[I= 0.2417E 00 OMEGA= 1570,
V-AX= C.3134F 00 RE= 0.1427F 06 PR¥*¥1/3= 0.8910F 00 H CNEFF= 0.9452609F 00 COEFF*AREA= 0.,9372877€~02
FLEMFAT= 6, TYPF=?., SUPTYPF=4., NEXT=1. [ITEMS READ= 9, AREA CODF=1. SPECIAL ARFA=-0. SQ.FEET
CONCENTRIC CYL INTFRS
T-B=1300. K-F= C.I0S1E-04 C-P= 0.2698F 00 MNy= 0.2759F-04 NU= 0.6018F-04 R-N= 0.2550E 00 R-I= 0.2417F 00 OMEGA= 1570.
V-AX= C. RF= 0,1727F 06 PR**1/3= 0.R912E 00 H COEFF= N.9318566E 00 COEFF*AREA= 0.7465160F-02
FtL FMENT= 6. TYPF=2, SULRTYPF=4, NEXT=0. [TFMS READ= 9, AREA CODE=4. SPECIAL ARFA=-0. SQ.FEET
COANCENTRIC CYL INCFRS
T-A=1300. K-F= 0.10%16-04 C-P= 0.,2698f 00 MU= 0.2759E-04 NU= 0.6018E-04 R-0= 0.2525F 00 R-I= 0.2417E 00 OMEGA= 1570,
V-AX= C.3134F 00 RF= 0.139F 06 PR*¥*]1/3= 0,8912F 00 H CNEFF= 0.9348986F 00 COEFF*ARFA= 0.9270129E-02
FLFMFAT= 12. TYPF=2. SUBTYPE=4. NFXT=l. [TFMS REAN= 9, AREA CODE=1. SPECIAL AREA=-0. SQ.FEET
CONCENTRIC CYL INCRRS
T-R=130N. K-F= 0.,1045F-04 C-P= 0,2694E 00 MU= 0,2745E-04 NU= 0.5940F-04 R-0= 0.260BF 00 R-I= 0.241TF 00 OMEGA= 1570,
V-aX= Q. RF= 0.2543E 06 PR%%1/3= 0.8911F 00 H CNEFF= 0.9354691F 00 COEFF*AREA= 0.B928836E-02
FLFMENT= 2. TYPF=€. SUBTYPF=1. NEXT=0. TITEMS RFAD=]2. AREA CODE=5. SPECIAL AREA= 0.235626-02 SQ.FEET
VARJTEMP.UWT FLOW, LEaul)
T-8=1285. K-F= 0.1042E-04¢ C-P= 0.2693E 00 MU= D.2732.-06 MASS FLIA= 0.5685E 01 D-HYDR= 0.3333E-02 L-“L0A= 2.3125£-02
ANN .NBR .= 3, FLOw NbR= U. FLAG-C=0. FLAG-I=1l. X-SEC= 0.3142E-03
RE= 0.6920E 03 P= 0.7074E 00 H CUEFF= 0.3122549F-01 CODEFF*AREA= 0.7357350F-04
EI FMFNT= 52, TYPF=7, SURTYPF=4. NEXT=1. [ITEMS READ= 9. AREA CODE=1. SPECTAL ARFA=-0. SQ.FEET

CPNCFENTRIC CYQ INTERS

T-8=13rN., K-F= C.1036F-C4 C-P= 0.2689f 00 MU= 0.2725F-04 NU= 0.5824E-04 R-0= 0.26€2F 00
V-AX= C.4776F 00 RF= 0.3366F 06 PR**]1/3= 0.8908E 00 H CNEFF= N.9456614EF 00
FIL FMFAT= 52, TYPF=2., SUBTYPF=4. NEXT=0. 1TFMS REAN= 9, AREA CODF=4, SPECIAL AREA=-O0.

CONCENTRIC CYL INTFRS

MU= 0.2725F-04 NU= 0.5824F-04 R-0= 0.2633F 00

T-R=13(0. K~-F= 0.1036F-04 C-P= 0.2689F 00

V-AX= C.4726F 00 RE= 0.2949F 06 PR¥*}/3= 0.8908F 00 H COFFF= 0.9450770Ff 00
ELFMFNT= 54, TYPE=2., SUBTYPF=4. NFXT=l. [TEMS READ= 9, AREA CODE=1. SPECIAL AREA=-0.
CONCENTRIC CYL INDFRS

T-8=1300. K-F= 0.1036F-04 C-P= 0.2689E 00 MU= 0.2725F-04 NU= 0.5824E-n4 R-0= 0.2T712¢f 00

V-AX= 0.4776F 00 PF= 0.4090E 06 PR**1/3= N0,.8908E 00 H COEFF= 0.9476610E 00
FI FMENT= S4,. TYPF=2?. SURTYPE=4., NEXT=0. ITEMS READ= 9, AREA CODE=5.

CONCENTRIC CYL INCFRS

T-RA=1300. K-F= 0.1036E-04 (-P= 0.2689F 00 MU= 0.2725F-N4 NU= 0.5824E-04 R-0= 0.269%2F 00
V-AX= 0.4726E 00 RF= 0.37B7E 06 PR**1/3= 0.8908€ 00 H COEFF= 0.9467012€ 00
FLFMFAT= 57, TYPF=2, SUBTYPF=4, NEXT=0. [ITFMS RFAD= 9, ARFA CODE=4. SPECTAL AREA=-0.

COMCFENTRIC CYL INTFRS
T-R=13CN., K-F= 0.1036E-04
V-AX= 0.4726F 00

R-0= 0.274?E 00
0.9497571F 00

0.5818E-04
H COEFF=

0.2724F—04 NU=
0.8908E 00

MU=
PRE*] /3=

C-P= 0.2689E 00
RF= 0.4524F 06

FLFMFAT= S58. TYPF=?2. SURTYPF=4. NEXT=0. [ITEMS RFAD= 9, AREA CODE=4. SPECTAL ARFA=-0.

CONCENTRTIC CYL INCERS
T-B8=1300. K-F= 0.1035E-04 C(-P= 0.2688E 00
V-ax= 0.%321F 00 RF= 0.6228F 06

MU= 0,2722F-04 NU= 0.5807E-04 R-0= 0.2742F Q0
PR*%]1 /3= 0,8908E 00 H COFFF= 0.9274974E 00
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R—I= 0.2417€ 00 OMEGA= 1570.
COEFF*AREA= (0.9228304E-02

SQ.FEET
R-1= 0.2417E 00 OMEGA= 1570.
COFFF*AREA= 0.1107619€-01
SO.FEET

R-I= 0.2417E 00 OMEGA= 1570.
COEFF®*ARFA= 0.6729633E-02

SPECIAL ARFA= 0.17617E-02 SQ.FEEY

R-I= 0,24176 00 OMEGA= 1570.
COEFF#*AREA= 0.1667804E-02
SQ.FEET
R-1= 0,26417¢ 00 OMEGA= 1570.
COEFF*ARFA= 0.1363408€-01
SQ.FEET

R-1= 0.2283F 00 OMEGA= 1570.
COEFF*AREA= 0.1464599E-01



ELFMFNT= 30. TYPF=3. SUBTYPE=3, NEXT=1, ITEMS RFAD= 4, ARFA CODE=2, SPECIAL AREA=-O, SQ.FEET

LIOUIC FILM COOL ING
T-8= 52%. W/L= C.1000F-01 C-P= 0.5030F 00 L-FLOW= 0.8849E 00 H COFFF= 0.5684258E-02 COEFF*AREA= 0.4191581E-04

FLEMFNT= 30, TYPE=6. SUBTYPE=2. NEXT=0. [ITFMS READ=1l4, AREA CODE=3. SPECTAL ARFA=-0. SQ.FFFT

VAR.TEMP ,RADIAL SFAL GAP

T-RA= 955, K-F= C.9048F~05 C-P= 0.,2611F 00 MU= 0.2423F-04 NJ= 0.1571E-03 R-AV= 0.2796E 00 GAP= 0.4333E-04 OMEGA= 1570.
R-N= 0.2997F 00 FLAG-CL=0. FLAG-I=2. ANN.NBR.=104. FLO.NBR,= 24, MASS FLOW= 0.5954F-02

RF= 0.,7811E 06 PR¥**1/3= C.RBT76F 00 RE-C= 0.6754E 07 H COEFF= 0.3706976E 00 CNEFF*ARFA= 0.2713275€E-02

HT .GEN .FACTNR= 0.10000€ 01

FLEMENT= 36. TYPF=2, SUBTYPE=3. NEXT=0. ITEMS REAN= 4. AREA COOE=3. SPECIAL AREA=-0. SQ.FEET
t TOUTC FTI M £OOL NG
T-B= 525. W/L= C.1000F-01 C~P= 0.5030E 00 L-FLOW= 0.2339E 00 H CNEFF= 0.2150492E-01 COEFF*AREA= Q.2243075€-03
FLEMENT= 41. TYPE=3. SUBTYPE=3. NEXT=1. ITEMS READ= 4. AREA CODE=2. SPECIAL AREA=-0. SQ.FEET
L10UID FILM COOL ING
T-B= 525, W/L= C.1000E-01 C-P= 0.5030F 00 L-FLOW= 0.9189E 00 H CNEFF= 0.5473936E-02 COEFF*AREA= 0.4191 739E-04
FLEMENT= 41. TYPE=3. SURTYPE=3. NEXT=0. ITEMS READ= 4, AREA CODE=3. SPFCIAL ARFA=-0. SQ.FEET
LIOUIE FILM CONL NG
T-B= 525. W/L= C.l1000E-01 C-P= 0.5030E 00 L-FLOW= 0.2339E 00 H COEFF= 0.2150492E-01 COEFF*AREA= 0.1959231E-03
ELFMFNT= 46. TYPF=3. SUBTYPE=3, NEXT=0. ITFMS READ= 4, AREA CODE=3. SPECIAL ARFA=-0. SO.FEET
LTIOUTE FILM CNCLING
T-R= 525, W/L= C.?0006-01 C-P= 0.5030Ff 00 L-FLOW= 0.2450€ 00 H COEFF= 0.4106122E-01 COEFF*AREA= 0.5088240E-03
FLFMENT= 49. TYPF=3, SUBTYPF=3, NEXT=1. ITEMS RFAN= 4. AREA CODE=2. SPFCIAL AREA=-0. SQ.FEET
LEOUIC FILM COOL ING
T-B= 525. HW/L= C.1500E-01 C—P= 0.5030f 00 L-FLCW= 0.9678E 00 W COEFF= 0.7852831E-02 COEFF*AREA= 0.9431286E-04
FLFMENT= 49. TYPF=3, SUBTYPF=3. NFXT=0. ITEMS RFAD= 4. AREA CODE=3. SPECIAL ARFA=-0. SQ.FEET
LI0UIC FILM COOL ING
T-B= 525. W/L= C.20N0E-01 C(-P= 0.5030F 00 L-FLOW= 0.2450F 00 H COFFF= 0.4106122E-01 COEFF*AREA= 0.5202905E-03
FLEMFNT= 50. TYPE=3, SUBTYPF=3. NEXT=0. ITFMS RFAND= 4., ARFA CODF=2. SPECIAL AREA=—0. SQ.FEET
LIOUIC FILM COOL ING
T-8B= 575. W/L= C.1500F-01 C-P= 0.5030F 00 L-FLOW= 0.9608F 00 H COEFF= 0,7852R31E-02 COFFF¥AREA= 0.9431286E-04
FLEMENT= 51. TYPF=3., SUBTYPF=3. NFXT=l. [TFMS READ= 4. ARFA CODF=1. SPECIAL AREA=-0. SQ.FEET
LTOUTE FILM COOLING
T-8= 525. W/L= C.5000E-02 C-P= 0.5030F 00 L-FLOW= 0.2450E 00 H COEFF= 0.1026531F~01 COEFF*AREA= 0.1300726E-03
FLEMENT= 51. TYPE=3. SUBTYPF=3. NEXT=0., ITENS RFAD= 4. ARFA CODE=2. SPECIAL ARFA=-0. SQ.FEFT
LIOUTIC FILM CONL ING
T-B= 525. W/L= C.1500E-01 C(-P= 0.5030€ 00 L-FlOW= 0.9608F 00 H COEFF= 0.78528316-02 CNEFF*AREA= 0.9431286E-04
FLFMENT= 48. TYPF=3. SUBTYPE=3. NEXT=0, ITFMS RFAD= 4. AREA CODE=1. SPFCIAL AREA=-0. SQ.FFET
LIQUIE FILM COOL ING
T-B= 575. W/L= 0.5000F-02 C-P= 0.5030F 00 L~FLOW= 0.2450F 00 H CNEFF= 0.1026531E-01 COFFF*ARFA= 0.1272060E-03
FLFMENT= 45. TYPF=3, SUBTYPE=3. NEXT=0. ITFMS RFAD= 4, ARFA CODE=2. SPECIAL ARFA=-O. SQ.FEET
1 10UTT FILM COOL ING
T-8= 525, W/l= C.?000F-01 C-P= 0.5030F 00 L-FLOW= 0.9189F 00 H COFFF= 0.1094787E-01 COEFF*AREA= 0.1257522€-03
FLEMENT= 81. TYPF=3, SUBTYPE=3. NEXT=0., [TFMS READ= 4. AREA CODE=3. SPECIAL AREA=—0. SQ.FEFT
LIQUIC FILM COOL ING
T-B= 525. W/L= C.1500F-01 C-P= 0.5030F 00 L-FLOW= 0.2361E 00 H CNEFF= D.3195680E-01 COFFF*AREA= 0.3960034E~03
FL FMENT= 83. TYPF=3. SUBTYPE=3. NEXT=0. TTFMS READ= 4. AREA CODE=3. SPFCIAL AREA=-0. SQ.FEET
LIoUIC FILM COOL ING
T-R= 575. W/L= 0.15006-01 C-P= 0.5030f 00 L-FLOW= 0.2361E 00 H CNEFF= 0.3195680E-01 COEFF*AREA= 0.4561709E-03
ELEMENT= 85. TYPF=3. SURTYPE=1, NFXT=0. ITEMS READ= 4. ARFA CODE=3. SPECIAL ARFA=-0. SQ.FEET
LIOUTE FILM CONL ING
T-B= 525, W/L= 0.1500F-01 C-P= 0.5030F 00 L-FLOW= 0.2361F 00 H COEFF= 0.31656806-01 CNEFF*AREA= 0.4674653E-03
FLFMENT= 87. TYPE=3. SURTYPF=3., NEXT=l. ITFMS READ= 4. AREA CODE=2. SPECIAL ARFA=-0. SQ.FEFT
LIOMIF FI1 M COOLING
T-R= 525, W/L= D.1SN0E-01 C-P= 0.S5030F 00 L-FLOW= 0.1010€ 01 H COEFF= 0.7466601E-02 CDEFF*AREA= 0.BB02897E-04
FLEMENT= 87. TYPF=3, SUBTYPE=3. NEXT=0. T[TEMS READ= 4. ARFA CODE=3. SPECIAL AREA=-0. SQ.FEET
1 1QUIT FILM CONLING
T-f= 525. W/L= 0.1500E-01 C-P= 0.5030E 00 L-FLOW= 0.2631E 00 H COEFF= 0.2867731E~01 COFFF*AREA= 0.4296282E-03
FLEMFNT= 88, TYPF=3. SUBTYPE=3. NEXT=l. [ITVEMS READ= 4. AREA CODF=1. SPECIAL AREA=-O. SQ.FEET
L IOUIEC FILM CNOL ING
T-R= 575. W/L= C.2500F-01 C-P= 0.5030F 00 L-FLOW= 0.2669€ 00 H CNFFF= 0.47115026-01 COEFF*AREA= 0.7058523E-03
FLEMFNT= 88. TYPF=3, SUBTYPF=3., NEXT=0. ITFMS RFAD= 4, AREA CODE=2. SPFCIAL AREA=-0. SQ.FFFT
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1IQUIT FILM CNOL ING

T-R= 576, W/t= 0.1509F-01

FLFMFNT= 36, TYPF=13,

LIQUIC FILM CNOL ING

T-R= 525. W/l = 0.?2500E-C1}

FLFMENT= 84, TyPF=1,

1 TQUIF FILM CNOL ING

T-8= 528, W/L= 0.2500E-01

FLFMFNT= R?. TYPF=3,

1 TQUEr FILM COOL ING

T-A= 525, W/L= 0.?7500E~-01

ELFMFNT= 77, TYPF=13,

LIOUIC FILM COOL ING

T-8= 525. W/L= C.2500E-01

Fi FMFNT= 72, TYPF=3,

L TQUIF FILM CONL ING

T-R= 525, W/L= C.?7500F-01

FI FMFNT= 65. TYPF=13.

LIOUTE FILM COOL ING

T-B= 57%. W/L= C.1200E-01

Fl FMFNT= 66. TYPF=13,

1 1ToUT0 FILM €001 ING

T-RB= 525. W/L= 0.1100F-01

FLFMFNT= 7. TYPF=13,

1L TQUTEL FILM COOL ING

T-R= 575, W/L= 0.1200F-01

FLEMENT= 73, TYPF=1,

E1QUTF FTILY CNOLING

T-R= 625, W/L= 0.1700F-01

FLFMFNT= 78. TYPF=13,

tIQUIT FII M COOL ING

T-A= §25. W/lL.= G.L50NF-01

FLFMFNT= 78, TYPE=3,

LIQUIr FILM COOL ING

T-B= 525. W/L= 0.,10006-01

ELFMFNT= 79, TYPE=13,

LIQUTT FIi M COOLING

T-R= S$2Z5. W/t = 0.1509F-01

FILLEMFENT= B0, TYPF=3,

LIQUIC FI'M CONLING

T-R= 525, W/L= C.1S07F-01

FlI EMFNT= A0. TYPF=13,

LIQUIC FIE™M CNOL ING

T-R= 525, W/L= (C.l5C0F-n1

FI FMFNT= 75, TYPF=3,

LIONTE FRIEM CNOL ING

T-B= 52%. W/L= C.1500F-01

FLEMFNT= 70. TYPF=3,

LIoyIr FII M CNOL ING

T-R= §25. W/L= C.1500F-01

FLFMFNT= 62, TYPF=17,

1IQUIT FILM CNOt NG

T-B= 575. W/L= 0.1507F-01

FLFMFNT= 47, TYPF=3,

FTQUIT FTIM NNt NG

T-R= 575, W/L= 0.1007F-01

Fl FMFNT= 61. TYPF=7,

LIONTE FIEM COOL ING

T-R= 525, W/L= C.5000E-02

Fl FMENT= 11. TYPF=¢,
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C-P= 0. 5030F 0OC

C-P= (.5030F 00

C-P= 0.5030E 00

C-P= 0.5030f 0N

C-P= C.5030f 00

C-P= 0,5030F 00

C-P= 0.5030F 00

C-P= 0.5030C 00

C-P= (.5030F 00

C-pP= 0.5030E 00

C-P= (C.5030F 00

C-P= 0.5030F 00

€-P= C.5030F 00

C~P= 0.5030E 00

C-P= 0.5030F 00

C-P= 0.5030F 00

C~P= 0.5030F 00

C-P= 0.5030F 00

L-FtOw= 0.1010F

TTEMS REAN= 4,

L-FLOW= 0.2669F

TTEMS READ= 4,

L-FLOW= 0.2669F

ITEMS RFAD= 4.

L-FLOW= 0.?669E

ITEMS READ= 4.

L-FLOW= 0.2669F

ITFMS READ= 4,

L-FLOW= 0.26A9F

ITEMS REAN= 4,

L-FLOW= 0.8849E

ITEMS READ= 4.

L-FLOW= 0.8849E

ITFHMS @FAD= 4,

L-FLOW= N.8849F

TTEMS READ= 4.

L-FLOW= 0.2298F

ITFMS RFAD= 4,

L-FLOW= 0.,9084E

ITEMS READ= 4.

L-FLOW= 0.2298EF

ITEMS RFAD= 4,

L-FLCW= 0.9084F

ITEMS RFAD= 4,

L—-FLOW= 0.2325E

ITEMS READ= 4.

L-FLCW= 0.9084F

ITEMS RFAD= 4,

L-FLOW= 0.2325F
ITEMS READ= 4,

L-FLOW= 0.?7325F

ITEMS READ= 4.

L-FLOW= 0.2325¢

ITEMS READ= 4,

L-FLNW= N.A613F

ITEMS RFAD= 4.

L-FLOW= 0.8613E

ITEMS READ=12.

o1

AREA

00

AREA

AREA

00
AREA

00

AREA

a0

AREA

00

AREA

00

AREA

AREA

30

AREA

a0

AREA

oo

AREA

00

AREA

AREA

00

AREA

AREA

00

AREA

AREA

00
AREA

o]0}

AREA

H

CRDE=1.

CONE=1.

H

CODE=1.

x

CaOneE=1,

H

CODEF=1.

H

CODF=2.

H

CODE=2.

H

CODE=2.

CODE=3.

H

CODE=2.

H

CODE=13,

H

CODE=2.

H

CODE=1.

H

CODE=2.,

H

CODE=1.

x

CODE=1.

H

CODE=1.

CODE=4.

I

CODE=4.

H

CODE=5,

COEFF= 0.T466601E-02

SPFCIAL AREA=-0.

COEFF= 0.4711502E-01

SPECIAL AREA=-0,

COEFF= 0.4711502E-01

SPECIAL AREA=-0.

CDEFF= 0.4711502E-01

SPECIAL ARFA=-0.

COEFF= 0.4711502E-01

SPECIAL ARFA=-0.

COFFF= 0.4711502F-01

SPECTIAL AREA=-0.

COEFF= 0.6821110E-02

SPECIAL AREA=-0.

COFFF= 0.6252684E-02

SPECIAL ARFA=-0.

COEFF= 0.6821110F-0Q2

SPECIAL AREA=-0.

COEFF= 0.21RR860F-01

SPECIAL AREA=-0.

COEFF= 0.8305812E-02

SPECIAL AREA=-0,

COEFF= 0.2188860E-01

SPECIAL AREA=-0.

CNEFF= 0.8305812F-02

SPECIAL AREA=-0.

COFFF= 0.,3245161F-01

SPECIAL AREA=-0.

COEFF= 0.8305812E-02

SPECTAL AREA=-0.

CNEFF= 0.3245161E-01

SPECTAL AREA=-0.

COFFF= 0.3245161F-01

SPFCIAL AREA=-0.

COEFF= 0.3245161E-01

SPEFTAL AREA=-0.

COEFF= 0.5840C09F-02

SPECIAL AREA=-0.

COEFF¥AREA= 0.8174119E-04

SQ.FEEY

CDEFF*AREA= 0.6892005E-03
SQ.FEET

COEFF*AREA= 0.67254B6E-03

SQ.FEET

COEFF*AREA= 0.5838417€E-03
SQ.FEFT

COEFF*AREA= 0.42924T0E-03

SQ.FEET

COEFF*AREA= 0.4525801F-03

SQ.FFFT

COEFF*AREA= 0.1005979E-03

SQ.FEET

COEFF*AREA= 0.1014363E-03

SQ.FEFT

COEFF¥AREA= 0.12574T4€-03

SQ.FEFT

COFFF®ARFA= 0.1454094E-07%

SQ.FEET

COEFF*AREA= 0.1257561E-03

SQ.FEET

COEFF*AREA= 0.1317997€-03

SQ.FEET

COEFF*AREA= 0.1257561€-03

SQ.FEET

COEFF*AREA= 0.1954037€-03

SQ.FEET

CDEFF*AREA= 0.1006049E-03
SQ.FEET

COEFF*AREA= 0.2155812E-03
SQ.FEET

CNEFF*AREA= 0.2375287E-03
SQ.FEET

COEFF*AREA= 0.1874742E~03

SQ.FEET

COEFF*AREA= 0.6706822E-04
SQ.FEFT

COFFF= 0.292N0005E-02 COEFF*AREA= 0.4191764E-04

SPECTAL AREA= 0.16115E-02 SQ.FEET



VARLTEMP .OWT FLUW, LIQUiO
T-B=1255. K-F= 0.103%-04 C--P= 0.208dE 00 MU= ),2721E-D4 MASS FLON= 0.5685E Ol D-HYDR= 0.33336-02 L-7LOW= 0.78335E-02
ANN.NBR.= 0. FLIW NBR= 12, FLAG-C=0. FLA3-I=1, X-SCC= 0.3142E-03
RE= 0.6965E 03 P= U,7009E 00 H COEFF= 0.2280963E-01 COEFF#AREA= 0.3675772E-04
ELEMENT= L7, TYPE=6. SUBTYPE=Ll. NEXT=0. [ITEMS RFAD=12. AREA CIDE=5. SPECIAL AREA= 0.161153-02 SQ.FEET
VAR JTEMP.JUCT FLUW, LIQUID
T-B=1240. K-F= U.10286-06¢ >-P= 0.2684kt 00 Mu= J.2705E-)4 MASS FLOA= 0.5685E Ol D-HYDR= 0,3333E-02 L-=LOW= 0.1133E-01
ANNWNBR.= 0. F_JW N3R= Ll. FLAL-C=0, FLAG-I=l. X-SEC= 0.3142E-)3
RE= 0.7006E 03 Pa= 0.7064E 00 H COcFF= 0.1982752E-01 CUEFF®*AREA= 0.3195205E-04
ELEMENT= L6. TYPE=6. SUBTYPE=j. NEXT=0. ITEMS READ=12. AREA C3IDE=5. SPECIAL AREA= 0.23562E-02 SI.FEET
VARLTEMP.DUCT FLOW, LIQUID
T-8=1210. K-f= 0.1019E-04 C-P= 0.2679E 00 MU= J.2685E~04 MASS FLOW= 0.5685E Ol D-HYDR= 0.3333E-02 L~-FLOW= 0.1643E-01
ANN.NBR.= 0. FLJW NdR= 17. =LA5-C=0., FLAG-I=l. X-SEC= 0.3142E-03
RE= 0.7057E 03 PR= 0.7059E 00 H CUEFF= 0.1755946E-01 COEFF#AREA= 0.4160923E-04
ELEMENT= 15. TYPE=6. SUBTYPE=l. NEXT=0. ITEMS READ=12. AREA CDODE=5. SPECIAL AREA= 0,15087E-02 SQ.FEET
VARLTE4P,OUCT FLOW, LIQUID
T-8=1180. K-F= 0.1009E-04 C-P= 0.2673E 00 MU= ).2661E-24 MASS FLJA= 0.5685E€ 01 D-HYDR= 0,3333E-02 L-FLOW= 0.21)33E-D1
ANN .NBRu= 0. FLOW NBR= l6. FLAG-C=0. FLAG-1=l. X-SEC= 0.3142E-03
RE= 0.7121E 03 P3= 0.7053E 00 H COEFF= D.1514J10E-01 COEFF*AREA= 0.2435057E-04
ELEMENT= 20, TYPE=6. SUBTYPE=l. NEXT=0. ITEMS READ=12. AREA C1NF=S. SPECIAL ARFA= 0.15087E-02 SQ.FZ3T
VAR, TEMP.DUCT FLOW, LIQUID
T-B=1l05. K-F= 0.10096-04 C-P= Q.2673E 00 MU= J,2661E-04 MASS FLOW= 0.5685E Ol D-HYDR= 0.3333E-02 L-FLOW= 0.2497E-01
ANN .NBR .= 0. FLIW NBR= 15. SLAG-C=0. FLAG-I=l. X-3EC= 0.3142E-03
RE= 0.7121E 03 P3= 0.7053E 00 H COEFF= D.15241556-01 COEFF#AREA= 0.,2299492E-04
ELEMENT= 19. TYPE=6. SUBTYPE=l. NEXT=0. ITEM3 READ=12. AREA CJIDE=5. SPECIAL AREA= 0.15708E-02 SQ.FEET
VAR.TEMP.DUCT FLUW, LIQUID
T-8=1150. K-F= 0.1000E-04 s-P= 0.267LE 00 MU= J.2655E-06 MASS FLIW= 0.5685E Ol D-HYOR= 0.3333E-02 L=<FLOW= 0.2343E-D1
ANN .NBR.= 0. FLIW NBR= 20. FLAG-C=0. FLAG-I=l. X-SEC= 0.3142€-23
RE= 0.7L37€ 03 P3= 0.705lE 00 H COEFF= 0.1%95)88E-01 COEFF*AREA= 0.2287223E-04
FLFMENT= 7. TYPE=6. SUBTYPE=2. NEXT=0. I[TFMS READ=14., AREA CODE=3. SPECIAL AREA=-0. SQ.FEET
VAR.TEMP ,RAGIAL SFAL GAP
YT-RB= 975, K-F= (.9779F-C5 C—-P= C.2628f 00 MU= 0.24B8E-04 NU= 0.4696E-04 R-AV= 0.2604E OC GAP= 0.4333€-04 OMEGA= 1570.
R-N= 0.7992F 00 FLAG-C=0. FLAG-1=2. ANN.NBR.= 96, FLO.MBR.= 1. MASS FLOW= 0.2382F-02
RF= 0.7767F 07 PR¢%1/3= C.8883F 00 RE-C= 0.6754F 07 H COEFF= 0.3824877F 00 COEFF*AREA= 0.3650757€E-02
HT .GEN.FACTNR= 0,1C00C0E 01
ELEMENT= 13. TYPF=6. SUBTYPE=?., NEXT=0. ITEMS READ=14. AREA CODE=S. SPECIAL AREA= 0.16B0SE-01 SQ.FEFT
VAR.TFMP .RANTAL SEAL GAP
T-B= 945. K-F= 0.94316-05 C—P= C.2634F 00 MU= 0.2511€-04 NU= 0,4919E-04 R-AV= 0.2675F 0C GAP= 0.9152E-03 OMEGA= 1570.
R-M= 0.2997F 00 FLAG-C=0. FLAG-T1=2. ANN.NBR.= 98. FLO.NBR.= 7. MASS FLOW= 0.2382€-02
RE= 0.2284F 07 PR¥*1/3= C.8BA85F 00 RE-C= 0.2276E 06 H COEFF= 0.2927B13f 00 COEFF*AREA= 0.4920307E-02
HT .GFN .FACTAR= 0.19315€ 01
£l FMFNT= 4. TYPF=6. SURBTYPE=2. NEXT=0. ITFMS READ=14. AREA CODE=5. SPECIAL ARFA= C.14366E-01 SQ.FEET
VAR.TFMP.RADIAL SEAL GAP
T-B=10C5. K-F= 0.9170E-05 C-P= C.2618F 00 MU= 0.2451E-04 NU= 0.2928E-04 R-AV= 0.2744E 0C GAP= 0.107BE-02 OMFGA= 1570.
R-N= N.2962F 00 FLAG-C=0. FLAG-T1=2. ANN.NBR.=102. FLC.NBR.=100. MASS FLOW= 0.5954E-02
RE= 0.4037F OT PR&k1/3= 0.8879E 00 RF-C= 0.1900F 06 H COFFF= 0.4274941E 00 CNEFF*AREA= 0.6141509F-0?
HT .GEN.FACTOR= 0.1A512F 01
FLFMENT= 92, TYPF=5. SUBTYPE=C. NEXT=0. ITEMS READ= 2. AREA CODE=1. SPECTAL AREA=-0. SQ.FEET
SPECIFIFD COEFFICIFNT
T-R=1300. ™ CNFFF= C,L280662€-02 COFFF#ARFA= 0.2322056E-04
FLEMFNT=110. TYPE=5. SUBTYPE=0. NEXT=1. ITEMS READ= ?. AREA CODE=2. SPECIAL AREA=-O. SQ.FEET
SPECTFIFD COFFFICIENT
T-B= 535. H COEFF= (.3733100F-04 COEFF*AREA= 0.4678121E~06
Fl FMENT=110. TYPE=6. SUBTYPE=2. NEXT=0. ITEMS READ=14. AREA CODE=1. SPECIAL AREA=-0. SQ.FEFT
VAR.TEMP .RADIAL SFAL GAP
T-B= 900. K—-F=z C.B8707E-05 C—-P= 0.2590F 00 MU= 0.2345F-04 NuU= 0.B278E—03 R—-AV= 0.2958F 00 GAP= 0.8375E-02 OMEGA= 1570.
R~0= 0.2997F 00 FLAG-C=0. FLAG-1=2. ANN,NBR.= 0. FLO.NBR.=108. MASS FLOW= 0.5954E-02

RF= 0.1659F 06
HY .GFN JFACTNR =

PR%%1/3= C.B8869E 00
0.16334E 0O1L

RE~C= 0.1947F 05 H COEFF=

El FMFNT= 94, TYPF=6. SUBTYPE=2. NEXT=0. ITEMS READ=14. AREA CODE=1.
VAR.TFMP.RANIAL SFAL GAP

K-F= Q.9147E-05 C-—P= 0.2617€ Q0 MU=
0.2997E 00 FAG-C=0. FLAG-T=2. ANN.NBR.= 1.
0.?30EF 07 PR#*1/3= 0.8878F 00 RE-C= 0.6754€ 07

0.100COF Ol

FLOWNBR.= 0.

RF=
HT .GFN JFACTOR=

ELFMFNT= 96. TYPF=6. SUBTYPE=2. NEXT=0. [ITEMS RFAD=14. AREA CODE=1.
VAR.TFMP ,RACTAl SFAL GAP
T-B= 975, K-F= (0.A9295-05 C-P= 0.2604F 00 MU= 0.2396E-04 NJ= 0.4261F-04
R-N= 0.2992F 00 FLAG-C=0., FLAG-T1=2. ANN.NBR.= 7. FLO.NBR.= 94,
RE= 0.2498F 07 PR*%1/3= 0.8874F 00 RE-C= 0.6754E 07 H COEFF=

HY .GFN .FACTNR= 0.10CCCE 01

FLFMENT= 98. TYPE=6. SUBTYPE=2. NEXT=0. ITEMS READ=14. AREA CODE=1.

0.2106143E~01

0.2446E-04 NU= 0.4423F-04 R-AV=
MASS FLW= 0.2382E-07
H COEFF= 0.3748462E 00 COEFF*AREA= 0.3002915E-02

MASS FLOW=
0.3657236E 00 COEFF*AREA= 0.3490747E-02

COEFF#AREA= 0.26C9898E-03
SPECTAL AREA=-0. SQ.FEET

0.2550E 00 GAP= 0.4333E-04 OMEGA=

SPECIAL AREA=-0. SQ.FEET

R-AV= 0.2604E 00 GAP= 0.4333E-04 OMEGA=
0.2382€~02

SPECIAL AREA=-0. SO.FEET

1570.

1570.
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VAR.TEMP ,RATIAL SFAL GAP

MU= 0,2377F—04

NU= 0,4245F-04

R-AV= 0.2663E 0C GAP=

0.4333E-04 OMEGA= 1570.

T-R= 945. K-F= 0.8847F-05 C-P= 0.2599F 00
R-N= 0.?992E N0 FLAG-C=0. FLAG-1=2. ANN.NBR.= 13. FlO.NAR.= 96. MASS FLOW= 0.2382£-02
RF= N.7673F 07 PR**1/3= 0.BE72F 00 RE-C= 0.6754F 07 H COEFF= 0.3623054€ 00 COEFF*AREA= 0. 35355836-02
HT .CFN JFACTOR= 0.100C0CF €1
EL FMENT=100. TYPF=&., SUBTYPE=2. NEXT=0. ITEMS REAP=14, AREA CODE=s1. SPECIAL AREA=-0. SQ.FEET
VAR.TFMP .RADTAL SFAL GAP
T-R=10%0. K-F= (.9090F-05 C-P= 0.2614F 00 MU= 0.2433E~04 NU= 0.4552F-04 R-AV= 0.2713F 00 GAP= 0.42CBE-02 OMEGA= 1570.
R-= 0.7997F 00 FLAG-C=1. FLAG-1=0. ANN.NBR.= 0. FLO.NBR.= 98. MASS FLOW= 0.5954E~02
RE= 0.7539% Q7 PRE*1/3= C.8877F 00 RE-C= 0.4183F 05 H COEFF= 0.2351904E 00 COEFF#AREA= 0.1670160E-02
HY .GFN .FACTOR= N.1PRKEE O1
COMBINED FLNW ELEMENT, CONDUCTION NO.= 100 FLOW FRCM CCND.ELEMENTS 98AND 19
Ft FMENT=10?. TYPF=6., SURTYPF=7?., NEXT=0. ITEMS READ=14. AREA CODF=1. SPECIAL AREA=-0. SQ.FEET
VAR.TFMP.RACIAL SFAL GAP
T-p=10C5. K-F= 0.89816-05 C-P= 0,26CTE 00 M= G.24086-04 NU= 0.5563E-04 R-AV= 0.2754F 00 GAP= 0.4333E-06 OMEGA= 1570.
R-0= 0 .2997F 00 F AG-C=0. FLAG-I=2. ANN.NBR.= 24, FLO.NBR.,=100. MASS FLOW= 0.5954E-02
RF= 0.7141F 0T PRE*1/3= 0.8875€ 00 RE-C= 0,£754F 07 H COEFF= 0.3679046E 00 COEFF*AREA= 0,2652736E—02
HT LGEN LFACTOR= C.100COE C1
FLEMENT=104. TYPF=6, SUBTYPF=2. NEXT=0. ITFMS READ=14, AREA CODE=1. SPECIAL ARFA=-0. SQ.FEET
.
VAR.TFMP.RADTAL SEAL GAP
{-B= Q&5. K-t~ 0m022F-C5 C-P= 0.2599F 00 MU= 0.2378F-04 NU= 0.1497E-03 R-AV= 0.2796F 00 GAP= 0.4333€-04 OMEGA= 1570.
R-n= mwc7r97FE 00 FLAG-C=0. FLAG-1=2. ANN.NBR.= 30. FLO,NBR.=102, MASS FLOW= 0.5954F-02
RF= 0.R19TF 06 PRE*1/3= 0.8872F 00 RE-C= 0.6754E 07 H COEFF= 0.3625071€ 00 COEFF*AREA= 0.2653361E-02
HT .GFN .FACTNR= 0.10000€ O1
FLEMENT=106. TYPE=6¢., SUBTYPE=2. NEXT=0. ITEMS RFAD=14.  AREA CODE=1. SPECTAL AREA=-0. SQ.FEET
VAR.TFMP.RADIAL SEAL GAP
T-R= 915, K-F= 0.8799-065 C-P= 0.2596F 00 MU= 0.2366F-04 NU= 0.8472E-03 R-AV= 0.2846E 00 GAP= (.42C8E-02 OMEGA= 1570.
f-N= 0.2997F 00 FLAG-L=0. FLAG-1=2. ANN.NBR.= 0. FLO.NBR.=104. MASS FLOW= 0.5954E-02
RF= 0.1501F 06 PR%*1/3= C.AE7IF 00 RF-C= 0.4183F 05 H COEFF= 0.2275467E-01 COEFF*AREA= 0.2373432E-03
HT .GFN .FACTOR= 0.17420F 01
FLFMENT=108. TYPF=6. SUBTYPF=2., NEXT=0. ITEMS RFAD=14,  AREA CODE=1. SPECIAL ARFA=-0O. SQ.FEET
VAR.TEMP .RADIAL SFAL GAP
T-B= 915. K-F= (.8744F-05 C-P= C.2593F 00 MU= 0.2354F-04 NU= 0.8360F-03 R-AV= 0.2900f 00 GAP= 0.42086-02 OMEGA= 15T0.
R-N= N.7997F 00 FLAG-C=0. FLAG-I=2. ANN.NBR.= 0. FLO.NBR.=106. MASS FLOW= 0.5954F-02
RF= N.1579F 06 PR¥*1/3= 0.8870F 00 RF-C= 0.4183F 05 H COEFF= 0.2318910E-01 COEFF*ARFA= 0.2112670E~03
HT.GEN .FACTOR= 0.16882F Ol
RGUNDARY COEFFICIENT MATRIX —(H*A)RTU/F.SEC AND {H*A*T-8) OR W#C-P BTU/SEC
BNDRY CONC. FIXED FLUX FORCED CONVECTION FREE CNVECTION RADIATION VAR, TEMP.CONVECT ION
FIEM. FLFM. W HEA HEAXT-B HEA HeA%T-B HEA H¥A%T-E HEA WeC—P
1 1 0. 0.64163F-02 0.83412€ O1 0. 0. 0. a. 0.31736F-02 0.63061E-03
? 2 0. 0.63939F-02 0.83120F 01 O. 0. o. 0. 0. 0.
3 3 0. 0.95624F-02 0.12431€ 02 0. 0. . a. 0. 0.
IS 4 0. 0.946526-02 0.12310€ 02 0. 0. 0. 0. 0. 0.
5 s 0. 0.93729F-02 0.12185€ 02 0. 0. 0. 0. 0. .
6 I3 0. 0.16735F-01 0.21756E 02 0. 0. 0. 0. 0. 0.
71 0. 0.89288F-02 0.11607E 02 0. 0. 0. o. 0.73574E-0% 0.15308€ 01
R =7 0. 0.20304E-01 0.26396€ 02 0. 0. 0. 0. 0. 0.
9 54 0. 0.83974F-02 0.10917€ 02 0. 0. o. 0. 0. 0.
10 57 0. 0.13634E-01 0.17724E 02 O, 0. 0. 0. o. 0.
1 <R 0. 0.14646F~01 0.19040E 02 O. 0. 0. 0. 0. 0.
12 20 0. 0. 0. 0.41916€-04 0.22006E-01 O, 0. 0.271336-02 0.15546E-02
13 26 0. 0. 0. 0.22431€-03 0.11776€ 00 O. c. 0. 0.
14 41 0. 0. o. 0.23784E-03 0.12487F 00 O. 0. 0. 0.
15 46 0. c. 0. 0.50882E-03 0.26713€ 00 O, 0. 0. 0.
16 49 0. 0. 0. 0.61460E-03 0.32267E 00 0. 0. 0. 0.
17 S0 n. 0. 0. 0.94313E-04 0.495146-01 O, 0. 0. 0.
B =t 0. 0. 0. 0.22439€-03 0.11780F 00 O. C. 0. 0.
19 48 0. 0. 0. 0.12721€-03 0.66783E-01 O, 0. 0. 0.
20 45 a. 0. 0. 0.12575E-03 0.66020E-01 0, 0. 0. 0.
21 8 0. . 0. 0.39600€-03 0.20790€ 00 O. 0. 0. 0.
22 €3 0. 0. 0. 0.45617€-03 0.23949F 00 0. 0. 0. 0.
23 5 a. 0. 0. 0.46T476-03 0.24542€ 00 O. 0. 0. 0.
26 87 0. 0. 0. 0.51766E~03 0.27177€ 00 O. 0. 0. 0.
25 €8 0. 0. 0. 0.78759€~03 0.41349E 00 0. 0. 0. 0.
26 6 0. 0. 0. 0.689206~03 0.36183€ 00 0. 0. 0. 0.
27 84 0. 0. 0. 0.67255E~03 0.35309F 00 0. 0. 0. 0.
28 82 0. 0. 0. 0.58384E-03 0.30652E 00 O. 0. 0. 0.
29 77 0. 0. 0. 0.42925€~03 0.22535€ 00 O, o. 0. 0.
n 12 0. 0. 0. 0.452586~03 0.23760E 00 0. 0. 0. 0.
31 €5 0. 0. 0. 0.10060€~03 0.52614F-01 O. 0. 0. 0.
1> 6k 0. 0. 0. 0.10144€~03 0.53254F-01 O, c. a. 0.
33 &7 0. 0. 0. 0.12575€-03 0.66017E-01 O. 0. 0. 0.
3% 13 0. 0. 0. 0.14541E-03 0.76340£-01 O. 0. 0. 0.
35 18 0. 0. 0. 0.25756E~03 0.13522F 00 O, 0. 0. 0.
36 19 0. 0. 0. 0.12576E~03 0.660226-01 0. 0. 0. 0.
37 80 0. 0. 0. 0.29601E~03 0.15540€ 00 0. 0. 0. 0.
38 15 0. 0. 0. 0.215586~03 0.11318€ 00 O. 0. 0. 0.
39 70 0. c. 0. 0.23753€-03 0.12470€ 00 O, 0. 0. 0.
40 €2 0. 0. 0. 0.254546-03 0.13363E 00 O. 0. 0. 0.
41 & 0. 0. 0. 0.41918E~04 0.22007€-01 O. 0. 0. 0.



42 11 0. Ue 0.

43 V7 0. 0. 0.

44 16 0. 0. 0.

45 L5 0. U, U.

46 20 0. 0. 3.

47 19 0. 0. 3.

44 7 0. 0. 0.

49 13 0. 0. 0.

50 24 0. 0. 0.

51 92 ~0.1U299E 30 UV.23221E-04 U.30187E-01
52 110 Q. 0.46T8LE-0b

53 94 Q. Qe 0.

54 96 0. V. 0.

55 98 0. 0. Q.

56 100 Q. [*H 0.

57 102 0. 0. 0.

58 104 0. Q. [

S9 106 0. 0. 0.

60 108 0. Ve Oa

61 91 0. 0. 0.

62 93 0. 0. C.

63 95 0. 0. 0.

64 97 0. 0. 0.

65 99 0. 0. 0.

66 101 0. 0. 0.

67 103 0. 0. 0.

68 105 0. 0. 3.

69 107 0. 0. 0.

70 109 0. 0. Oe

71 89 0. 0. 0.

12 90 0. 0. 0.

1 1y 5.0327E 00 2 12, L.5299E-01

7 15, 5.1007E-02 8 20y 4.8167E-]2

13 110y i.6%21€-01 La 94, 4.8172E 00

19 104, l.714St 00 20 106y 1.5355E-01

1 1» 3.0329F-C2 ? 12, N,

7 15 0. e 20s 0.

13 110, 4.8837F-04 14 S4, 2.8952F-02
19 104 2.C920E-C2 20 106s R.14861E-04
DATA TIMF= 0.13C€& MINUTFS
CONDUCT . FLEMENT ND. i VAR . TEMP ELF MFNT
CONDUCT.ELFMENT N1, 12 VAR, TFMP ELEMENT
CONDUCTLFLEMENT AD. 30 VAR.TFMP ELFMFNT
CONDUCT LEf FMENT A, 11 VAR.TEMP_ELEMENT
CONDUCT.FLEMENT NO. 17 VAR.TEMP.EFLFMENT
CONDUCT.FLEMENT N1, 16  VAR.TEMP_ELFNENT
CANDUCT.El FMENT M. 15  VAR.TEMP.ELFMENT
CONBUCT.FLFMENT A1, 20  VAR.TEMP,ELEMENT
CONPUCT.FLEMFNT NN, 19 VAR, TFMP,ELEMENT
CONCUCTL.FLFMENT M. 7 VAR.TEMPL.ELEMENT
CONPUCT.FLIMENT ND. 13 VAR, TEMP.E1EMENT
CONDUCT.FLFMENT NN, 24 VAR.TFMP,ELFMENT
CONNUCT.FLEMENT N1, 110 VAR.TEMP_ELEMENT
CONDICT.FLEMENT KD. 94  VARLTFMP_ELEMENT
CONNUCT.FLFMENT NO. 96 VAR, TEMPLELEMENT
CONPUCT.E) FMENT N, 98 VAR.TFMP.ELEMENT

TOMBINFD FI OWS FLFMFNT,

CONDHCT JFLFMENT
CONDUCT.FLFMENT
CONDUCT LFL FMENT

CONDUCT . FLFMENT

M.

ND .

N3 .

N .

102
104
106

102

0.25028£-03

VAR TEMP.CUNVECTION DIMENS IONLESS COEFFICIENTS (H®A/W*C—P})

CO¥RINATION NO. 1

VARLTEMP  ELEMENT
VAR, TFMP.ELENENT
VAR, TEMP,ELEMENT

VAR, TEMP . ELENMENT

3
9
15
21

FLUIN ShHFAR KFAT GFNFRATION,

3 30, 3.1501F-02 4 11,
9 19, 0. 10 Ty
15 96, 3.5241F-0D2 16 98,
21 108, 7.1239F-06&
NO. 1 FLOW CODE= 2
NQ. 2 FLOW CONE= 1
NCO. 3 FLMW CODE= 2
NO. 4 FLOW CODE= 1
NO. 5 FLOW CNDE= 1
NO. L FLOW CODE= 1
NC. 7 FLCW CODE= 1
NO. 3 FLOW CODE= 1
NO. 9 FLOW CODE= 1
NO. 10 FLOW CODE= 2
NO. 11 FLOW CODE= 2
NC. 12 FLOW CODE= 2
NG, 13 FLOW CODE= 2
NG. 14 FLNOW CODE= 2
NG. 15 FLOW CODE= 2
NO. 16 FLOW CODE= 2
CCNDULT,NN,.=100 BNNRY .NO.=

NOQ.
NG.
NO.

NO.

30,
13,
96y
LML

17
18
19

20

1.7453E 00 4
4.7337E-22 10
5.6280E 00 16
1.36356-01

FLOW CODE= 2
FLCW CODE= 2
FLOW CODNE= 2

FLOW CODE= 2

11,
T
98,

1.6561£-02
5.8320E 00
5.7110& 00

BTU/SEC
0.

3.6591F-02
3.7368E-02

17

5
11
17

5
11
17

L7,
13,
100,

17y
13,
100

0.35758E-0% J.43)11E-

0.31952E-0% J.47340E-

D.41609E-0% DJ,47B49E-

0.26351E-06 0.4774)E-

0.22995E-0% D0.47740E-

0.22872E-0% D.4TT13E~
0.35508E-02 J.62593€-
0.4%9203E-02 DJ.627&%E-
0.61415E-02 DJ.15591€E-
G. Q.
0.25093E-03 J.15424E-
0.30029E-22 J.62337E-
0.3%907E-22 0.62025&-~
0.35355E~02 0.5190BE~
0.15732E~02 J.15551E~
0.25527TE~J2 J.15523E-
0.2553%E-02 0.15476E-
0.2373%E-03 J).15457E-
0.21127E-03 J.15%33€-

0. J.

0. J.

0. J.

0. 0.

0. J.

0. J.

0. Je

O. J.

0. Je

0. J.

0. J.

0. J.
6.6650E-02 6 15, B.5960E-D22
7.84185 00 12 2%, 3.9333E )}
1.0733E 00 18 102, 1.7389€ 00
0. 6 16y 0.
3.6094E-03 12 244 2.26T4E-03
S5.6112E-04 18 102, 2.9926E-02

PREVIOUS ELFMENT VAR.TEMP.NOS.= 16 AND 9

73
03
03
03
03
23
33
23
32

22
33
03
33
22
J2
02
32
J2

91



92

COND.NU.

OO VP W N -

~UNVERGENCE CRITERTA,

NEwW TEMP,

0.1207188E
0.1262054E
0.1279193¢€
0.1285389¢L
0.1290989E
0.1298)50E
0.1047630E
0.1120079E
0.1173756E
0.1209530€
0.1239431E
0.1283117E
0.98412384E
0.1043133E
0.1095047E
0.1138705E
0.1175554E
0.1211240E
0.1013473E
0.1344730E
0.10848793E
0.1124159¢
0.1163354E
0.9142733¢
0.95306593E
0.1002695E
0.1043344E
0.1084042E
0.1127134E
0.9091553E
0e9330364E
0.9559154E
0.10041 18BE
0.1045136E
0.1092378E
0.8953174F
0.9249237E
0. 9984554%E
0.9984394F
0.1051777€
0.8576335€
0.8835890E
0.9070508E
0.9411399E
0.1011581€
0.8149281E
0.8176213E
0.8188705E
0.8127623E
0.8151225E
0.8159731E
0.1239837€
0.1210087E
0.1210826E
0.1185108E
0.1189948E
0.1212945¢
0.1212910€
0.1163028E
0.i131052E
0.1115438E
0.1105840E
0.1159076E
0.1166984E
0.1202527E
0.1204443E
0.1163022E
0.1128745E
0.1114913E
0.1105442E
0.1123232E
0-1123557¢
0.1121688E
0.11132%4E
0.1105152€
0.1087554E
0.1086031EF
0.1118345E
0.1111852¢€
0.1104255E
0.1055370E
0.1053932E
0.102604 7€
0.1024745¢
0.10056 77k
0. 1004407E
0.9953152E
0.9939358E
0.1107200E
0.1060000E
0.8710030E
0.8726228E
0.8690000E
0. 8791839E
0.8560000k

04
0%
04
04

0%

ITERATIUN= 100
OLD TEMP.

0.1207189E 04
J.1262066E 24
0.1279195E 34
0.1235991E 24
0.1290990E 04
J3.1298050E D4
0.1047635E 34
2.1120038E 24
0.L173768E 24
0.1209544E 04
0.1239502E D4
2.1283120€ J4
0.9841373E 03
0.1243151E 04
3.1)95072E 24
0.1138733E J4
J.1175077E 04
0.1211257E 04
3.1013504E 04
J.1)44B27E J4
3.1084932E J4
0.1124195E 24
0.1163381E 24
0.9142952E 03
0.9631024€ 23
V.1202742€ J4
J.1)43395E J&
0.1084388E 04
0.1127168E J4
0.9091920€ 23
0.9330827E 03
0.9559751€ 23
0.1204181E J4
0.1245242E 24
0.1092418E 34
0.8963848E 03
0.9250017€ 23
0.9585373€ 03
J.9385108€ 33
0.1051825€ J4
0.8577148E 23
0.8836909E 23
0.9271563E )3
0.9412338E 23
J.1)11636E 24
0.81508%96E 33
0.8177812E 23
0.8190473E 23
2.8129218E 23
3.8152804€ 23
J3.8161280€ 33
0.1239845E 24
0.1210098E 04
0.1210B37E 24
2.1185122E J4
J.LEB9961E I4
0.1212958E J4
0.1212927E 24
J.1163059€ 24
0.1131106E 34
J3.1115537€ 24
0.1105939€ 24
0.1159092E J4
0.1166998E 24
0.1202641E 04
0.1204461E J4
0.1163053E 04
2.1128730E J4
0.1114961E 24
0.1105890€ 24
2.1123249€ 04
3.1123583E 04
2.1121733E J4
3.1113232€ 24
0.1135199E J4
0.1087571€ 34
0.1386048E 04
0.1118390E 24
J2.1111898E 04
0.1104302E 24
0.1055387E J4
0.1053999E J4
0.1326064E 24
3.1)24T63E J4
0.1)05693E 04
0.1204423€ 04
0.9353313E 23
0.9939516E 03
0.1107000E 34
0.1060000E 04
0.8710000€ 23
2.8726228E 23
0.8590000E 33
0.8791839E 23
0.8560000E 23

DIFFERENCE

-0.9002686E-03
-J0.1525879E-02
~042044678E-02
~)+2151489E-02
-3.1678467E-02
-3+3662109E-03
-3.5157471E-02
-3.9185791E-02
-J.1269531€E-01
-0.1362610€-01
-).1098633E-01
-3.3250122€-02
-J.8911133€-02
-3.1814270E~01
-2.2456665E~-01
-3.2659607£-01
~J42363586E-01
-3.1673889&-01
=043154755€-01
-0.3697205E-01
=3.43944397E-01
—J+35476648E-01
-0.2624512€-01
-0.2188873¢£-01
~043651428E-01
-0.4723358E-01
-0.5065918E-01
-J344553223E-01
-J.3353882€E-01
~0.2575684E-01
-J.44633331£-01
-0.5961609E-01
-3.6332397€-01
~J+5645752E-01
-2.4060364E-01
-0.6735992E-01
-0.7803345€-01
-0.8094788E-01
-J.7141113E-01
~J44855347E-01
-0.8129120E-01
-J.1019058E 00
-3.1055069E 00
~0.9381104E-01
-2.5464172E-01
-2.1614914E 00
-3.1599426E 00
-2.1567459E 00
-0.1594925¢€ 00
~3.1579361E€ 00
-J.1548691€ 00
~0.7919312€E-02
-2.1136780€E-01
-0.1107788E-01
-0.1371765€-01
-2.1325989€-01
-1.1272583€-01
-3.1690674E-01
-0.3027344E-01
-0.4396057E-01
-0.4867554E-01
-0.4917908E-01
—J.1539612E-01
-).1463318€-01
-3.1374817E-01
~0.180664]1E-01
~3.3030396E-01
-0.4391479E-01
-0.4800415€-01
~).4837036E-01
-J.1690674E-01
~2.1597595€-01
-2.4518127€-01
-3.4743958E-01
-3.4751587E-01
~).1757813E-01
-0.1666260E~01
-2.4495239€-01
-0.4653931E-01
-J3.4646301E-01
-3.1722717E-01
-J.1670837E-01
-3.1692200E-01
-2.1649475E-01
-J.1657867E-01
~J.1618195€~01
-3.1615906€E-01
=) .1577759E-01
Q.

J.

O.
-3.76293956-05
Ja

J.

d.

MAX.OIFF,

0.5000000E-01
0.5000000z-01
0.5000000£-01
0.5002000€-01
0. 5000000E-01
0. 5000000z -01
0.5000000E-01
0.5000000=-01
0. 5000000E-01
0.5003000E-01
0.5000000E-01
0.5000000E-01
0.5000000E-01
0.5000000=-01
0.5000000E-01
0.5000000E-01
0, 5000000£-01
0. 5000000E -0}
0.5000000z-01
0.5000000z-01
0,5000000Z-01
0.5000000E-01
0, 5000000E-01
0. 50000005 -01
0.5000000€-01
0.50000005-01
0.5000000z-01
0.5000000E-01
0.5000000z-01
0.5000000E-01
0.5000000E-01
0. 5000000E-01
0.50000005-01
0.5000000E-01
0. 5000000E-01
0. 5000000E-01
0.5000000E-01
0. 5000000E~-01
0.5000000=-01
0.5000000E-01
0.5000000E~01
0. 5000000E-01
0.5000000z-01
0.5000000£-01
0, 5000000z -01
0.5000000£-01
0.5000000E-01
0.5000000€-01L
0.5000000E-01
0.50000002-01
0.5000000E-01
0.5000000E-01
0.5000000E-01
0. 5000000E-01
0.50000005-01
0.5000000E-01
0.5000000E-01
0.5000000E-01
0. 5000000E~01
0. 5000000E-01
0. 5000000E-01
0.5000000£-01
0.5000000€-01
0.5000000E-01

0.50000002
0.5000000E~01
0. 5000000E-01
0. 50000002-01
0. 5000000€-01
0. 5000000E-01
0.5000000z-01
0.5000000z-01
0. 5000000E-01
0.5000000E~-01
0. 50000002-01
0.5000000E-01
0.5000000z-01
0.5000000E-01
0.5000000E-01
0.5000000E-01
0. 500000001
0.5000000E~-01
0.5000000E-01
0.5000000E-01
0.5000000E-01
0.5000000£-01
0.5000000E-01
0.5000000E-01
0. 50000005 -01
0. 5000000E-01
0. 5000000E-01
0.5000000E-01



CONVERGENCE CRITERIUN AZHEIVED,

1.

13,
19,
25
3.
17,
413,
49,
55,
61,
6T,
73,
79,
a5,
Q.
97,
103,
109,

1,

13,
19,
25y
31,
37,
43y
49,
55,
61y
6T,
73,
79,
85,
9l
97,
103,
109,

1.20739n0F
1.04685211F
C.E8TS5A97F
1.0149709¢
$.6442071F
9.3385793F
9.2457432F
S.CSAR249F
R.104T198F
1.1849299F
1.1146724F
1.1625215F
1.12097%23F
1.111N728F
1.00544R7€
£.7099999F
F.6400000F
8.5719999F
£.53000N0F

1.2071729E
1.0475390E
9.8397033E
1.0126158E
9.6242095k
9.32217s56E
9.2354479¢
$.05148625¢E
8.0994133E
1.1848719t
l.1146448E
1.1624979€
1.1209056¢E
1. 111C459¢
1.0053927€
8.709%999¢t
8.6400000k
845739999k
8.53Q0000E

4

FLEMFNT FNRCFD CONVECTIPN,

FLEMENT(AT CFNTER)

ELEMZNT(AT CENTER)

03
03
02
03
Q2
Q2
02
02
02
03
03
03
03
03
03
02
02
02
0z

BB NON SN -

939
Lov
101
102
103
104
L0¢
106
107
1os
109
110

2y
8.
la,
20,
264
324
38,
44,
50
56,
62y
68,
T4y
80,
A6,
924
98,
104,
110,

2y
23
L4,
20,
200
32,
38,
44,
50,
504
62,
08,y
T4,
80,
80,
92,
Yoy
104,
110,

V.8760228E
0.8540000F
0.8712150E
0.86100J0E
0.8561229E
0.850L200¢
0.8573022¢€
0.85B80000E
0.8b48023E
0. 8560000E
0.8599932¢F
0.8550000&
0.8572584F
0.85300U0E
0.8554587€

I TERATIONS=

0.8760228E
3.85400C0E
2.8712150E
0.8510000E
0.8551230€
0.8500000E
0.8573022E
J.8580000E
0.8648024E
2.8350000E
0.8599932E 23
0.8550000E 23
0.8572584¢€
0.8530000F
J.8554687E

131

a3
03
n3
0%
03
03
02
03
02
03
03
03
03
03
02
02
02
02

03
23
03
03
03
03
02
03

23
23
23
J3
23
a3
J3
23
03
33

03
23
03

TEMPERATURES (DFGPEFS FJ,

1.2621996% 03 3y 1.2792890F
1.1208364E 03 9y 1.17434R83F
1.0444335F 03 15+ 1.N0960944F
1.0458352€E 03 21y 1.08536R86F
1.0033938E 03 2Ty 1.0435496F
Q.6617658F 02 33, 1.00398R6&F
G.5TR6542F 02 39, 9.9780642F
9.40C4122E 02 45, 1.0109861F
8.1286117F 0?2 51y 841376455F
1.18S7669F 03 57+ 1.2127559F
1.1Q50158F 03 63, 1.158873RF
1.12R012CE 03 69, 1.1141088F
1.1124499€ 03 75, 1.1043562F
1.1034779F 03 8ly 1.0551364F
1.0041R52E 03 87, 9.9509299F
8.728C047E 02 93, A.6A99999F
8.7383481E 02 99, B.6099999F
R.66349BBBE 02 105, B.5599999F
8.5565917F 02
TEMPERATURES (DEGREES F),

1.2620373E 03 3, 1.2791568€
L. 1199171 03 99 1.1735314E
1.0428129E 03 155 1.0946141F€
L.0441l371E 03 21, 1.0841971¢
1.0018606€ 03 27+ L.0424498BE
9. 6486223E 02 33, 1.0030)00¢
9.5702671€ 02 33y 3.9717345E
9. 39433408 02 455 1.03106195E
B8.1232901& 02 5ly B.1323395F
1.1897191E 03 57, 1.2127252¢
1.1049383E 03 63, 1.1588108E
1.127985%E 03 53y 1.1140814E
l.1124227c 03 75, 1.1043292€F
1.1034512E U3 81, 1.0552741E
1.0041295t 03 87y 9.3503328E
Be 72622758 02 93, 8.5899399¢€
B.7121484%E Q2 99, 8.6099999¢E
8. 6480223E 02 1305, B.5599399F

8.5546871E 02

€.2309876F
0.2301797F
0434424708
€.3408918F
0.3374236E
N.6024704E
0.32143R1E
C.7309619F
0.3023077€
C.4908268F
0.5272555F

FREF CONVECT.,

N.1508969¢E
C.A0750TYE
0.8562257E
0.1831766E
0.2712572F
0.3395263F
N.ROTTBTTE
0.4579416E
0.4527078E

-).7629395E-05

2

2

Jd.

—0.1525879E-04

-).2288818E-04

-3.1525879E~04

J.

~0.7629395E-05

11 ERATIONS= 13

4,
10,
16,
22y
28,
34
40,
46y
52
SA.
64,y
70,
76
B2y
88,
b,
100,
106,

ITERATIINS=

Gy
13,
L6y
22y
28+
34,
409
45y
52»
58y
64y
70y
76
82,
88,
94y
100
106,

1.2860%28E
1. 2099351E
1.1394177C
1.1243037€
1.0839858F
1.0448A81F
1.0513206F
B8.1260R96E
1.2397408E
1.2126390F
1.1667836F
1.1050314F
1.087318AE
1.0537560€
9.9371971F
8. 7969G5RF
A.7193327E
B.607350%F

1.2859512E
1.2092899E
1.1382373E
1.1235345€
1.0832400E
1.0441909E
1.0509228E
8.1207172€
1.2397008E
1.2126175€
1.1667315E
1.1050041€
1.0872511E
1.0536952€
9.9366528E
8.7918385E
8.6512252E
8.5999316E

0.
0.
D.

[+]

03
03
03
03

131

02
02

RADIATION AND VAR.TEMP.CONVECT.

Sy
11,
17,
23,
29,
25y
41,
47,
53y
59,
65,
71,
77,
83,
89,
G5,
101,
107,

Se
11,
17,
234
29,y
35,
41,
47,
53,
59,
65,
71,
77,
83,
89,
95,
101,
107,

0. 50000005~-01
0.5000000E~-01
0. 5000000E-01
0.5000000E-01
0.5000000E-01
0. 5000000€-01
0. 5000000E-01
0.5000000E~01
0.50000005~01
0.5000000z-01
0.5000000E-01
0. 5000000E-01
0.5000000£-01
0.5000000E-01
0. 5000000z -01

1.2510258€ ©
1.2397363€ O
1.1759955€E 0
1.1633123€ 0
1.126S7T71E O
1.€320863E O
RB.€T06945F O

A.1532953E Q2

1.2099419F 0
1.1625276F 0
1.2024228F O
1.1230080F 0O
1.(858072€ ©
1.0258155€ 0
1.1070000F 0O
8.6600000E 0O
B.5999999F 0
8.5500000€ n

1.2909592z ©
1.2392973z ©
1.1752374E O
1.1628938% 0
1.1265452% O
1.0916644% O
8.6619644E 0
8.1479235E 0
1.2098909E 0
1.1625043% 0
1.20738932 0
1.1229402= ©
1.0857446% 0
1.0257570z 0
1.1070000Z ©
8.6500000E 0
B.5999999E 0
8.5500000& O

CONDUCTANCES(H*A)

0.1142512€ 02

0.2648646E 00

2 102,
2 1C8,

2 4By
3 5%,
3 52y
3 56y
3 72,
3 78,

3 90,
2 95,
2 102,
2 108,

BTU/HR.F

1.29B0559E
1.2831623E
1.2112994€
9.1654068E
9.1070828E
8.9623836E
8.B259656F
8.1665190€
1.2106738E
1.1303272¢F
1.2041541€
1.1233525€¢
1.1175932¢
1.0245209€
1. 06 00000E
8. 77LL291E
8.7032722F
8.57T61781F

1.2980433E
1.2830593E
1.2109&70E
3.1388555E
3.3871111E
8.9512587E
8.817B753E
8.1511314E
1.210535%¢E
1.1303)05%€
1.29641305€
1.1232321€
L.11L75565F
1.024%530E
1.0500000€E
8.7502273¢E
8.5730202E
8.57258%2E

03
03
03
02
02
02
02
02
03
03
03
03
03
03
03
[¢¥3
02
02

93



3
7

13 110,
19 104,

1

13,
19,
25,
31y
37
43,
49,
55,
ol
67,
73,
19,
85y
9le

103,
109,

94

Ly l.C516E
15, 1l.2645E
9.1930E
9. 5500

3.3891022E
3.8219351E
4.0075200E
3.9220373E
4.,0721750¢c
4.1643429E
4.1911136E
4.248308 7€
7.30632127E
7.0239279¢
7.0721455E
T.0391131E
7.0677786E
7.0790629E
7.1508069E
7.2554519¢E
7.20611717¢
7.266C978E
7.2702194¢

21
72
23
24
28
26
27
8
?9
30
31
32
33
34
35
36
37
38
39
40
41

43
44
45
46
47
48
49
50
51
52
53
b4

50
57
58
59
60
6l
62
63
64
65
bo
61
648
69
70

72

03
03
02
02

0.1425612F 01
N41642215% 01
0.1682R875€ 01
0.18£3566€ 01
0.2835336F 01
0.2481122E 01
N.2421175E 01
0.2101830F 01
0.1545289E 01
0.1679288E 01
0.3621526€ 00
0.3651705€ 00
0.49526907E 00
0.5234740€ 00
0.9272007F 00
0.45?7218F 00
0.1065631E 01
0.7760924F 00
N.A551035% 00
0.91€63529€ 00
N1.1509025€ 00

VAR, TEMP.CONVECTION BOUNDARY TEMPS.(F}

ELEMENT THERMAL CONDJCTIVITIES

2] 0.

83 n.

85 .

A7 0.

ag 0.

86 [¢29

24 C.

A2 0.

77 e

72 0.

65 0.

66 0.

&7 0

13 0.

78 Q.

79 C.

80 0.

75 0.

70 0.

&2 C.

61 C.

11 0.

17 0.

15 0.

15 C.

20 0.

19 0.

7 0.

13 0.

24 O.

92 0.8359433E-01
1lu 0. 1684123E-02

94 0.

% 0.

98 0.

100 Je

102 0.

104 0.

10s Ge

103 0.

91 0.

93 Q.

95 0.

97 O.

99 0.

Lol 0.

103 0.

L05 Q.

107 0.

109 0.

89 0.

90 C.

2 125 L.2970E 03 3

8 20, L.2541E 03 3
14 94, 1.0620€ 03 15
20 106, 9.4192t Q2 21 1

2, 3.2509139E 02 3,

8y 3.5198994E 00 X
l4, 3.8354569E 00 15,
20, 3.83164%48t 00U 21,
26, 3.9544748E 00 27,
32y, 4.0647814E 00 33,
38, 4.08846063E 00 39,
44, 4.1419617E 00 454
50, 7.3042787E Ol 5Ly
96y 7.0206575E 01 574
62, 7.0789098E 0L 63
68, 7.0028570t 01 69,
74, 7.0736992E 01 75,
80, 7.0799901lE 0Oi 8l,
8o, 7.1518073E 01 87+
92, 7.2541301E 01 33,
94, 7.2552767E 01 33
104, 7.2605143E 01 105,
110, 7.20681825E 01

30,
13,
95,
08,

3.2088574E
3,4764545E
3.5894)31E
3.7183625E
3.8364705E
3.9511251€
3.95825653E
3.9287386E
7.3035095E
7.3052282E
7.04163641E
7.0725393E
7.0793731E
7.1144552E
7.1585967E
7.2570832E
7.2536321E€
T7.2577446E

8.9297€ 02
1.2428¢ 03
2.7500E 02
9.3149€ 02

oo
00
00
00
00
00
00
00
[+3
[+33
21
o1
o1
ol
ol
oL
o1
o1

4
10
16

4y
10,
i6,
22,
28,
34,
4Dy
46,
52,
58,
64,
70,
16,
82,
88,
9%,
100,
106,

11,

98¢

1.2933E 3
9.6841E 02
9.4500F 02

7

BTU/HR .FT.F

3.1923199E 00
3.3836611E 00
3.5702831E 00
3.6100353E 00
3.7210288E 00
3.8314753E 00
3.8122348E 00
7.3044968E 01
6.9873211F 01
7.0052993E 01
7.0362301E ot
7.0788989E 01
7.0914325E 01
7.1154514E 01
7.1596256E 01
7.2488013E Ol
T.2594343E 01
7.2644590E 01

5
11
171

5'
11,
17,
23,
29,y
35,
4l
4T,
53,
59,
65,
7l,
17,
83,
89,
95,

101,
107,

0. 1323278 00
0.1150274E 00
0.1497932€ 00
0.87662052-01
0.8278172E-01
0.8234002E-01
0.1314272E 02
0.1771311E 02
0. 2210943 02
0.

0.9395632< 00
0.1081050E 02
0.1256669E 02
0.1272810E 02
0.6012575€ 01
0. 95498492 Ol
0.9552101% 0L
0. 8544354E 00
0. 7605613E 00

1.2857€
9.36882
7.5451¢E

03
02
02

17,
13,
00,

3.1801741E
3.3075424€
3.4719671E
3.5064902E
3.601863642
3.6975774E
4.3720887E
7.3021833¢€
7.0071213E
7.0391088%
7.0121414E
7.0653680%
7.0925013¢E
7.1358092¢
T2 593749%+E
T7+2595346C
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APPENDIX D

HEAT TRANSFER COEFFICIENT EQUATIONS
The equations used to calculate boundary heat transfer coefficients are mostly ob-
tained from books by McAdams (ref. 9) and by Kreith (ref. 10).
Radiation

The radiation equation is based on information from chapter 4 of Kreith and chap-
ter 5 of McAdams. The basic expression is in terms of the heat flux but can also be ex-

pressed as

The number of properties required is reduced by substitution of others as explained in the

references,

Liquid Film Cooling

The gravity-flow liquid film cooling equation can be found in chapter 9 of McAdams.
Strictly, it applies only to flow over horizontal cylinders, However, in the program, it
is also used for flow down vertical surfaces.

Other Free Convection Coefficients

The two other free convection subtype expressions are obtained from a study of chap-
ter 7 of McAdams and of chapter 7 of Kreith. They are actually for nonenclosed spaces,
but are considered acceptable for two reasons. First, the boundaries at which free con-
vection occurs are far enough from the parts of interest (seal plate and nosepiece) that
they have little influence. Second, the knowledge of coefficients in enclosed spaces ap-
pears to be limited and to be expressed in terms of overall coeificients.

Comparison of the two conditions (table I) shows the equations for turbulent flow are
identical and those for laminar flow differ only in the constant used. Transition from
laminar to turbulent flow is considered to occur at GrPr = 10° (ref. 9).
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Use of Local Coefficients

The expression for free convection at vertical surfaces is for a local coefficient in-
stead of an average as is the case for the other cases already mentioned.

The program deals with small sections of boundary surfaces. There are few, if any,
places where a fully established velocity profile (e.g., in duct flow) or boundary film
(e.g., in flat plate flow) exists in seal applications. In the problem of appendix C, as an
example, the use of a local coefficient is generally preferable.

While free convection around a horizontal cylinder should properly be considered a
circumferential flow, the assumption of an axisymmetric temperature distribution implies
a uniform coefficient around the circumference as well as along the cylinder.

The conversion of average coefficients to local coefficients is based on text and equa-
tions in chapter 6 of Kreith.

Flat Plate

These coefficients and the critical Reynolds number for laminar turbulent transition
are obtained directly from chapter 6 of Kreith's book.

Duct Flow, Liquid

For the most accurate result, the equation used for duct flow depends on the shape of
the cross section and on the viscosity of the fluid. However, McAdams and also Jakob
(ref. 11) indicate that the use of pipe flow equations with an equivalent (hydraulic) diam-
eter is acceptable.

In the example of appendix C, the only fluid flowing in a duct is a synthetic oil with a
viscosity in the range covered by McAdams recommended equation for turbulent flow.
The laminar flow expression as well as that for turbulent flow are taken from chapter 9
of McAdams.

McAdams' data indicate that transition from laminar to turbulent flow can be con-
sidered as occurring over the Reynolds number range between 2500 and 7500. Kreith and
also Jakob agree with the overall trend during transition. The equation presented in
table I seems to be an acceptable approximation of the coefficient in this range.
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Concentric Cylinders

This expression is obtained from reference 12, The experimental conditions are
similar to those found in the problem of appendix C. One assumption is made in the
problem; the axial flow has a negligible effect on the boundary film. This seems reason-
able for the high rotational speed and the low axial flow velocities. Therefore, the en-
trance effect term is dropped.

Rotors

The equations for the remaining two flow types are derived from the results of ref-
erence 13, While the completely shrouded disk used does not duplicate the flow in a seal
gap, no work applicable to laminar flow (the most probable regime in a seal gap) has yet
been found. Also the derivation involves using the Reynolds analogy so the resulting ex-
pressions are only rough approximations.

In applying the results, the assumption is made that one or the other of the following
situations exists:

(1) The clearance between the side of a rotating part and the housing or other sta-
tionary part is so small that the boundary layers are merged at all times (seal gap).

(2) The clearance is large enough that the boundary layers are separate at all times
(sides of rotors). This should be a good approximation of the situation in the problem of
appendix C except for the seal gap.

The laminar to turbulent transition for the sides of rotors case occurs at a Reynolds
number of 158 000. For the seal gap case, the critical Reynolds number is a function of
the ratio of gap clearance to rotor outer radius, that is,

366. 34
(ﬁ >1o19
rO

Derivation of Equations for the Rotor Coefficients

Rec =

The Reynolds analogy (ref. 14)

CfRePrl/3
Nu=— (D1)
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requires an expression for the wall shear stress Ty because the skin friction coefficient

ZTt
C; = (D2)

pv2

oe]

The torque coefficients CM obtained in reference 13 are, in effect, functions of Tt
that is

a
Chp = 82 r2~r dr (D3)
M 2 5 t ‘

pwa 0 ‘

A general form of the equation for shear stress in a pipe (ref. 14, p. 509)
Ty = ApvoowrxvysZ (D4)
is used to obtain the following expression for the torque coefficient:

c. . 8TA pV- 1957
M=

(D5)
3+X wZ—Waz-x

This is matched with an empirical equation from reference 13 to evaluate the constant A

and the coefficients of the properties. Substitution in equations (D4), (D2), and (D1) gives
an expression for the Nusselt number. The heat transfer coefficient h is a factor of the
Nusselt number; that is,

The free stream velocity V_, must still be evaluated. For the seal gap with merged
boundary layers, V_ = rw/2. For the case of separated boundary layers, the difference
between the free stream velocity and the rotor velocity is required for a rotating part.
For a nonrotating part, of course, the difference is the free stream velocity V __ =fr.
Information in reference 13 indicates that g is a function of the rotor angular velocity
and the ratio s/a, or that 8= Kw where K = F(s/a). Evaluating the data presented
yields the following expressions for K (the coefficient equation can be expressed in terms
of K, see table I):
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= - s
Ko iator = 0- 50185 0.6508(a)

laminar flow

s
Krotor = 0,49815 + 0.6508({=
2/ )
\
_ - 5
Kstator = (0.48558 - 0. 35778 a)
turbulent flow
_ ]
Krotor = (0.51442 + 0. 35778 ;)
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APPENDIX E

SAMPLE THERMAL PROBLEM FOR COMPARISON WITH EXACT SOLUTION

To demonstrate the accuracy of the program, the following sample problem (see

fig. 15) was solved.
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Figure 15, - Thermal sample problem. Solid cylinder with right end (z = 0) held at 200° F and left end (z = L) held
at 0°F. Right side boundary elements (i.e., 14, 28, 42, 56, 70, 84, 98, and 112) held at 200° F. Left side ele-
ments held at 0°F,

For the finite cylinder with 0 =r <a and 0 =z =1L,

z = 0 held at 200° F (366 K)

z =L held at 0° F (255 K)

Forced convection into a medium at T = °F (255 K) occurs at r = a,
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For an exact solution, the temperature has to satisfy the following equation for an
isotropic homogeneous solid:

which is subject to the following boundary conditions:
T=0°F(255K)at z=L and 0<r <a

T=200°F (366 K)at z=0 and 0 <r =a

ka-T+hT=O at r=a and O <z <L
or

If the following definitions are used:

J0 Bessel function of first kind, zero order
Jé derivative with respect to its arguments
a root of equation aJ;)(aa) +h.J 0( oa)=0

the exact solution is given by

o0
2h J (ra )sinhEL - z)a:,
T = Too (; 0 zn LY (E1)
a hc + o Jo(aan)smh(L an)
n=1

For the numerical solution, a coarse mesh of 112 elements was chosen. As indica-
ted in figure 15, the 96 elements between z =0 and z =L had 0. 5-inch (1. 27-cm) ra-
dial and axial dimensions. The 16 elements constituting boundary conditions had 0. 25-
inch (0.635-cm) axial dimensions.

The temperatures were calculated by means of the program and of equation (E1).
The following values were required to obtain solutions:
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a=4.0in. (10 cm)

L =6.0in. (15 cm)

The results are shown in figure 16 and table 11,
coarseé mesh is 15 percent. A finer mesh would be expected to show a lesser error.
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Figure 16, - Thermal sample problem showing thermal distribution.
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TABLE III. - THERMAL SAMPLE PROBLEM COMPARISON WITH EXACT SOLUTION

Element Exact Calculated Percent || Element Exact Calculated Percent
number | temperature, | temperature, error number | temperature, | temperature, error
op op op op
2 4,925 4,571 7.19 58 4,097 3.920 4,32
3 14,943 12.682 15.13 59 12. 448 10,883 12.57
4 25.465 22,471 11.76 60 21,270 19,322 9.16
5 36.830 33,150 9.99 61 30.903 28,592 7.48
6 49.372 45,109 8.63 62 41,707 39,088 6.28
7 63.415 58, 746 7.36 63 54,087 51.250 5.25
8 79.246 74.446 6.06 64 68.487 65,576 4.25
9 97.082 92,548 4.6 65 85.394 82,621 3.256
10 117.018 113.272 3.20 66 105.298 102,978 2.20
11 138.969 136.631 1.68 67 128. 585 127,185 1.09
12 162.620 162.308 .19 68 155. 300 155, 304 .13
13 187. 408 186.13%7 .68 69 184,744 183,395 .73
16 4.841 4.532 6.38 72 3.695 3.552 3.87
17 14.691 12.573 14,42 73 11.230 9.868 12.13
18 25.044 22.281 11.03 74 19.210 17,536 8.7
19 36.240 32,8176 9.28 75 217,954 25,986 7.06
20 48.619 44,1749 7.96 76 317.822 35.598 5,88
21 62.515 58,303 6.74 7 49,226 46, 819 4.89
22 78.233 73.932 5.50 8 62.661 60.178 3.96
23 96.016 91,985 4.20 79 78. 724 76.328 3.04
24 115. 990 112.708 2.83 80 98.134 96.063 2,11
25 138.096 136,134 1.42 81 121,684 120. 316 1.12
26 162.028 161.968 .04 82 149.987 150,003 11
27 187.216 186.004 .65 83 182.681 180,937 .95
30 4,670 4,412 5.52 86 3.227 3.106 3.175
31 14.188 12,242 13.72 87 9. 811 8.650 11.83
32 24.202 21,702 10.33 88 16. 7197 15,391 8.37
33 35.056 32.041 8.60 89 24,477 22,837 6.70
34 47.102 43,654 7.32 90 33.187 31,344 5.55
35 60.690 56,952 6.16 91 43,330 41, 338 4,60
36 76.162 72.354 5.00 92 55,415 53.359 3.71
37 93.815 90,252 3.80 93 70.114 68.116 2.85
38 113. 843 110,955 2,54 94 88.353 86.586 2.00
39 136.253 134,579 1.23 95 111, 444 110,157 1,15
40 160. 767 160. 892 .08 96 141, 150 140, 806 .24
41 186. 765 185,584 .63 97 178. 863 175,963 1.62
44 4.425 4,207 4,93 100 2.1705 2.574 4,84
45 13.437 11.678 13.09 101 8.227 7.260 11,75
46 22,941 20,716 9.70 102 14,091 12.941 8.16
47 33.276 30.616 7.99 103 20. 551 19.220 6.48
48 44,802 41,774 6.76 104 27. 899 26.411 5.33
49 57. 897 54,618 5.66 105 36.497 34.896 4.39
50 72.951 69.603 4,59 106 46. 814 45,168 3.52
51 90. 343 87.192 3.49 107 59.503 37.913 2.67
52 110. 384 107. 809 2.33 108 75. 544 T4.148 1.85
53 133.215 131,727 1.12 109 96. 548 95.518 1.07
54 158,647 158,871 .14 110 125. 551 124,981 .45
55 185.989 184,781 .65 111 169.610 163.090 3.84
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